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Abstract 
The work described in this thesis is concerned with the synthesis of aluminophos-
phate and silica molecular sieves, in particular, the search for novel large pore 
materials. Reactions were studied systematically under a range of conditions and 
to assist in this, a new type of reaction vessel was designed and fabricated. 
In the aluminophosphate system, a novel synthetic method using a water sol-
uble aluminium phosphate hydrochloride ethanolate precursor is described. This 
provides a new synthesis route to the ultra-wide pore aluminophosphate molecu-
lar sieve VPI-5, without the use of quaternary ammonium compounds or amines. 
Aluminophosphates H2, H3 and H4 can also be synthesised using this method, 
and the relationship between A1PO 4-H1 and VPI-5 is discussed. 
Further work on the aluminophosphate system has resulted in the synthesis 
of two new piperazine aluminophosphate materials, EA-5 and EA-6. EA-6 has 
been analysed by single crystal X-ray diffraction and found to possess a layered 
structure. Studies were also carried out on related heterocyclic organic compounds 
in an aluminophosphate synthesis gel. This resulted in the crystallisation of known 
materials, and a further phase not yet identified. 
In the silica system, the use of dual templates has been investigated using 
trioxane in combination with a varietyther organic compounds. In these exper-
iments, the structure directing power of trioxane in the presence of Na+  is clearly 
demonstrated. A single crystal study of trioxane silica sodalite has also been car-
ried out and a sodium-free synthesis of silica sodalite is described 
for the first time. 
In all these systems particular attention was paid to phases produced after 
short reaction times, not necessarily the final product. The study of these transient 
phases (of which VPI-5 is an example) is shown to be important if new materials 
are to be discovered. 
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Molecular sieve was a term first coined by McBain in 1932 [1], and describes 
a wide range of materials both crystalline and amorphous. Their distinguish-
ing property is the ability to differentiate between molecules by size. Crystalline 
molecular sieves include the natural aluminosilicate minerals zeolites, which are 
found throughout the world [2]. The name zeolite comes from the Greek ('boiling 
stone') and refers to the tendency of such materials to give off water when heated, 
an observation first made by Cronstedt [3] in 1756. Early attempts were made to 
synthesise these materials by mimicking the processes thought to occur in nature 
(i.e. high temperatures and pressures), but were hampered by the absence of any 
clear identification techniques. However, synthesis using a hydrothermal method 
was reported as early as 1862 [4]. 
With the advent of X-ray diffraction a more definitive identification technique 
became available. Studies on the syntheses of molecular sieves were carried out 
by R.M.Barrer from the late 1930s and he reported the first synthesis of a non 
naturally occurring zeolite in 1948, [5]. A major step forward in synthesis occurred 
with the development of a low temperature hydrothermal technique by Milton [6, 71 
using reactive gel precursors. Other milestones have been the discovery of zeolites 
with high (>5) compositional ratios (brought about by the introduction of Al 
organic compounds to synthesis mixtures) in the early 1960s [8] and the synthesis 
of aluminophosphate molecular sieves (1982) [9]. A good summary of the history 
of molecular sieves can be found in "Zeolite Molecular Sieves" by D.W.Breck [4]. 
1 
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The work described here concentrates on the synthesis,two types of molecular 
sieve, aluminophosphates (AlPO 4s) and silica molecular sieves. The latter mate-
rials are the notionally aluminium free end members of zeolite families which can 
be made over a range of Si - Al compositions. 
There are many books (eg. [2, 4, 10, 11]) and reviews (eg. [12-14]) outlining 
the background to molecular sieves. However this introduction will deal mainly 
with the work carried out during this study. 
1.1.1 Nomenclature 
As mentioned, molecular sieves can be either crystalline or amorphous. Amor-
phous molecular sieves include amorphous silicas and some charcoals, where the 
porous structure is not regular. The work described in this thesis will deal solely 
with crystalline sieves, which have regular pore structures. There is often con-
fusion in the nomenclature of crystalline molecular sieves with the term 'zeolite' 
sometimes used as a general rather then specific term. Also some descriptions of 
molecular sieves depend on their pore size. Substances which contain molecules 
which are trapped within the structure are defined as clathrasils. The diagram (fig-
ure 1-1) shows how various terms used to describe molecular sieves are related. In 
this work the term 'zeolite' will be used to describe solely aluminosilicate molecular 
sieves and AlP 04 to denote aluminophosphate molecular sieves. A discussion on 
nomenclature can be found in reference [11]. Further discussion on nomenclature 
by Smith and Liebau can be found in references [15, 16]. 
1.1.2 Properties and Structure 
Molecular sieves owe their properties to their structure, in which a system of 
channels are linked to form a regular porous framework. Similar structure types 
can exist for all types of molecular sieve, for instance the sodai.ite structure (figure 
1-2) is found as sodalite (a zeolite), silica sodalite (an all silica sieve) and A1PO 4-
20. These structure types have been designated 3 letter codes by the International 
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Figure 1-1: Classification of Molecular Sieves 
Molecular Sieves 
Siicas I 	I Metalioalun,inalcs I 	I Aiwninophosphates I 	I Other 
Titanosilicaxes II MetaflosilicaXes I I Gerinanoalumina&es I I SAPO 1+1 MeAPO I I Oallogezminates I I Carbons 
Zeolites II Borosilicates II Gallosilicates  I I Ferrisiicates  I I Chroniosilicates  II Other 
E=hcteroatom 	SAPO=silicoaluminophospha&e 	Me=mc*al 
abased on reference [11] 
Zeolite Association (IZA), in this case SOD indicates the sodalite structure. A full 
list of structure types and their designated letters can be found in the "Atlas of 
Zeolite Structure Types" [171. Figure 1-2 also demonstrates the accepted method 
of representing these structures, a vertex indicates a tetrahedral atom (T- atom) 
e.g. Si or Al, and a line a T-O-T bond with an oxygen atom at or near its mid 
point. 
The properties of a molecular sieve are largely determined by its pore size and 
elemental composition, in particular for zeolites, the ratio. Zeolites also contain At 
charge balancing cations occluded in the framework which also alter the properties. 
The effects of this 	ratio on the properties of a zeolite are summarised in table At 
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Figure 1-2: The SOD structure 
1-1. Aluminophosphate molecular sieves are more restricted in their elemental 
composition, the z1f ratio is nearly always 1. Figure 1-3 shows the pore sizes of a 
number of different molecular sieve materials, related to various molecules. 
The largest known pore size of a molecular sieve is that of JDF-20, an A1PO 4 , 
which contains pores of 20-T atoms, although these pores are slightly blocked 
by 0/OH groups [18]. Large pores are often desirable in that they increase the 
number of types of molecule which can enter the pores. Molecular sieves are 
defined as small, medium and large pore materials if they contain pores of size 8, 
10 and 12 T-atoms respectively. A new class of materials, the extra large pore 
materials, was initiated by the discovery of the aluininophosphate molecular sieve 
VPI-5 [19] which contains pores of 18 T-atoms. Other members of this extra large 
pore family are Cloverite, a gallophosphate [20] and JDF-20 [18]. This upper value 
is being increased all the time as wider pore materials are discovered. It is a long 
sought after goal to produce wider pore all-silica materials, in particular a silica 
fauj asite. 
Recently a completely novel range of materials was reported based on a tube 
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Table 1-1: Effect of changing Si  ratio on the physical properties of zeolitesa Al 
Increasing 	ratio Decreasing A l 	ratio 
increases acid resistance increases hydrophilicity 
increases thermal stability increases cation exchange properties 
increases hydrophobicity 
decreases affinity for polar adsobates 
decreases cation content 
"from reference [11] 
Figure 1-3: Correlation between pore size and a number of molecular diameters. 
VE 
F,) 3 N 
C1H 3 (C 3 H,) 3 
o) 
PORE SIZE, A 
"from Davis, M.E.,Acc. Chem. Res., 26(3), 1993, 111-115. 
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like structure and synthesised in the presence of liquid crystals [21, 22]. These 
materials contained pore sizes of around 50-90A- a huge leap in size. Little has 
been reported on these materials so far, and it is yet to be seen whether these can 
be classified as molecular sieves or whether they should be regarded as a new 
type of material. 
1.1.3 Silica Molecular Sieves 
Silica molecular sieves (and high silica zeolites) show properties which are very 
valuable in the oil industry (table 1-1). Their organophilicity and thermal sta-
bility make them ideal for catalysis. Very few zeolites have equivalent all-silica 
structures; those which do are summarised in table 1-2. Silica faujasite would be 
most useful, particularly as a cracking catalyst. There is no direct route to silica 
faujasite, but there are a number of zeolites which have a > 1 and possess Al 
the FAU structure, eg. Zeolites X and Y, ZSM-20 [23, 24], ECR-4 [25, 26]. At 
present, the highest 	ratio obtained by direct synthesis is 4-5 [27]. This has Al 
been achieved using crown ethers as templates (section 5.1). Higher ratios have 
been obtained by dealumination, the post synthesis replacement of Al by Si in ze-
olite Y. Unfortunately this tends to decrease the thermal stability of the material. 
Dealumination can be accomplished by a number of methods, eg. treating with 
steam or by treatment with ethylene diamine tetra acetic acid (EDTA), where Al 
is removed from the structure, or by treatment with SiC1 4 where Al is replaced by 
Si. 
1.1.4 Aluminophosphate Molecular Sieves 
The first designated microporous aluminophosphate molecular sieves were patented 
in 1982 by Edith Flanigen and her co-workers [9], although some materials made 
previously have subsequently been shown to be microporous e.g.A1PO 4-H2 [28, 29]. 
Microporous aluminophosphates have been named AlP 0 4s, pronounced "Alpoes". 
The name ALPO was not permitted, as it is the registered trademark of a brand 
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Table 1-2: Molecular sieves classified as 'all silica' 
Name Structure Type 
Silica ZSM-48 ? 
Silica ferrierite FER 
Silicalite-1 (ZSM-5) MFI 
Silicalite-2 (ZSM-11) MEL 
Silica ZSM-22 TON 
Melanophlogite MEP 
Dodecasil 3C MTN 
Dodecasil 1H DOH 






of dog food sold in the USA (figure 1-4), hence the use of the molecular formula 
(A1PO4 ) in the name! 
There are numerous synthetic aluminophosphates, some with structures analo- 
1 	 - 	 -- 	A1T# 	fl4 	J _L_1._!i_ /fITTA\\ 	J gous to known zeoiue structures e.g. J-uxL4-*)'k ana cnaoazie ntt, aJiu some 
with novel frameworks (A1PO 4-11). The A1PO 4-n (where n is a number) series 
of AlP 04s have been synthesised at Union Carbide. This nomenclature is not 
standard however and A1PO 4-n names are not given to materials made anywhere 
else. 
The first extra large pore material to be reported the was the A1PO 4 VPI-
5 (VPI=Virginia Polytechnic Institute) [19] and there has been an explosion of 
research papers about this A1PO 4 alone in the last 5 years. From being reported 
in 1988 as the first molecular sieve believed to have 18-T-atom pores, up to 1993 
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Figure 1-4: ALPO dogfood 
fi 
4 
there have been at least 72 papers directly about it (figure 1-5) and doubtless 
many more referring to it. 
1.1.5 Uses 
The uses, and more importantly, potential uses of molecular sieves are wide and 
varied. 'Traditional uses', if such a term can be used, are ion exchange, catalysis, 
and sorption (including desiccation and gas separation/purification) [2]. More 
recently however, attention has turned to sieves as filled materials (eg. [30]), where 
properties of the sieve or filler compound are altered. 
Examples of molecular sieves used in catalysis are ZSM-5 in methanol to gaso-
line conversion and zeolite Y as a cracking catalyst [2]. The pores of molecular 
sieves can not only provide a surface for reaction, but also introduce shape selec-
tivity to the products (eg. the methylation of toluene to produce para-xylene.). 
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1988 	1989 	1990 	1991 	1992 
Year 
2 Source: Bath Information and Data Systems (BIDS), Institute for Scientific Informa-
tion auP  to April 1993. 
Zeolites are also replacing phosphates in many detergents and a quick glance 
at the side of a regular washing powder packet (figure 1-6) will probably reveal 
the presence of a zeolite. This will be zeolite A, included as a builder and an ion 
exchanger. 
Possible use in electronic and optical fields have been outlined in a review by 
Ozin et al. [3 0], and other workers have reported 'molecular wires' where conduct-
ing polymers are grown inside a zeolite framework [31]. 
Ozin et al. [30] also describe a number of quantum effects which can be ob-
tained when clusters are held in zeolites. The advantage is that species can be held 
at particular orientations with respect to external fields, thus enhancing desired 
properties. Clusters for example can be limited to certain sizes and distributions by 
zeolite frameworks to give semiconductor properties. Combined with the 'molec-
ular wires' described above, these could form the basis of 'zeolitic electronics' on 
a nanometer scale. 
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Figure 1-6: Evidence of zeolites in the home 
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1 litre e 
These are not all the proposed uses or indeed current uses of molecular sieves. 
The patent literature regularly throws up new uses, such as the production of 
alcohol-free beer (a totally useless concept some might say!) [32] or deodorants 
for urinals (a very desirable concept!). 
Obviously, the larger the pore size, the wider the range of compounds which 
can be used as fillers and it was in this respect that the present search for large 
pore materials was undertaken. 




The role of each of the reactants in the synthesis is important in understanding 
the synthesis mechanism as a whole. However, knowledge has not yet reached a 
stage where a particular synthesis can be designed to produce a desired structure. 
It is likely that no one mechanism is in force for the crystallisation of molecular 
sieves, but rather a range of different mechanisms are operating. 
The general synthesis procedure for molecular sieves is to prepare an aque-
ous gel containing the 'T-atom' components, then add an organic compound (see 
below). In certain syntheses the time between preparing the gel and adding the 
organic is important, this is known as ageing. This mixture is then heated in an 
autoclave at a temperature ranging from 95-200°C for a time ranging from a few 
hours (for some A1PO 4s) to number of days. The product is then filtered, washed, 
and analysed, usually by X-ray powder diffraction. This is not the only method 
of synthesis however, as outlined below. 
Water provides a medium for reaction, and aqueous species have been observed. 
Organic solvents have also been used successfully. For example, synthesis of ZSM-
35 and ZSM-5 in triethylamine and ethylenediamine from a dehydrated alumi-
nosilicate gel [33]. This is thought to occur via a solid/solid transformation, as no 
evidence of solution species was found in this system. Synthesis of silica sodalite 
from ethylene glycol has also been reported [34-36]. This may involve ethylene 
glycol silicate species [37] recently discovered. A method of A1PO 4 synthesis from 
an organic solvent has been published, where JDF-20, A1PO 4-11 and A1PO4-5 
have been synthesised from an system prepared from aluminium triisopropoxide, 
phosphoric acid and various amines in solvents diethylene glycol, tetraethylene 
glycol and butane 1,4 diol [18]. There is also a report of a layered aluminophos-
phate synthesised from a similar system [38]. It should be noted however that 
these synthesis mixtures do contain some water (present in the 85% phosphoric 
acid). Little has been reported on these systems to date and the role of the water 
in these systems should not be discounted. 
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A1PO4 synthesis has also been carried out from clear acidic solutions prepared 
from pseudoboehmite, H3PO4 and HCl [39, 40]. A1PO 4s Hi, H2, H3, and H4 have 
been synthesised in this system. The synthesis of AlP 0 45 from clear solutions has 
been the subject of much debate, in particular relating to a dispute about the 
aluminophosphate VPI-5 [19] (first reported 1988), and whether or not it is the 
same as aluminophosphate Hi [28], (first reported 1961). Section 3.7.2, gives a 
summary of the published evidence for and against this. 
In addition to the methods described above, work carried out here (chapter 
3) describes the synthesis of AlP 0 45 from clear solutions prepared from a water 
soluble aluminophosphate precursor. 
The Role of the Organic Compound (Templating) 
The role of the organic compound in molecular sieve synthesis in still unclear, 
and it is probable be that the organic compound plays a different role in different 
syntheses. 'Templating Theory' has been developed to try to rationalise this role. 
Templating (as defined by Lok et al. [41]) is: 
"..the phenomenon occurring during either the gelation 
or the nucleation process whereby the organic molecule 
organizes oxide tetrahedra into a particular geometry 
around itself and thus provides the initial building block 
for a particular structure type." 
Put simply, the organic compounds provides a template for the molecular sieve 
structure to build up around. There are however, a number of anomalies. One 
organic such as TMA+  can 'template' a number of different structures, and the 
same structure (e.g. MFI) can be made using a number of different templates [41]. 
Furthermore, the latter structure can be formed in the absence of any organic 
template, although its compositional field is much diminished. 
It should be remembered that zeolite frameworks contain a charge on the A10 
tetrahedra, which is balanced by the presence of a cation. Silica frameworks, being 
neutral do not require this charge balance and therefore using neutral organic 
compounds as templates can increase the ratio. Al 
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The first organic compound to be used in zeolite synthesis was the tetramethyl 
ammonium cation (TMA+) which gave frameworks with the zeolite A structure 
(LTA) but with increased 111 ratio [8]. TMA fits neatly inside a sodalite cage, 
but it was subsequently found that Na was also required for this synthesis. Many 
other structures can also be formed from TMA+  systems [41]. The advantage of 
TMA in LTA synthesis, is that one ion is held in each cage, rather than 3 Na 
ions, thereby allowing a greater ratio. Other quaternary ammonium cations At 
have since been used to produce a wide range of structures and are usually found 
sited in cages, channels, and intersections within the framework. Many structures 
cannot be formed in the absence of such templates, so it is obvious that the organic 
compound plays an important role. In trioxane silica sodalite [42], for example, 
the template is neutral and produces sodalite in a number of different systems 
(chapter 5), a good demonstration of a templating role. Understanding of the role 
of the organic molecule is very important and will increase the chances of being 
able to engineer particular structures [13]. 
The role of the organic compounds in A1PO 4 synthesis may be different to that 
in silica sieve and zeolite synthesis. In particular, VPI-5 can be synthesised using a 
variety of organic additives, none of which are found inside the crystalline product 
to any great extent [19, 43]. A possible role for these compounds is the control of 
pH, and this has been studied during the course of this work (chapter 3). 
1.2.1 Phase transformations 
Phase transformations occur in A1PO 4 and zeolite synthesis, where phases formed 
first kinetically are not thermodynamically stable. The framework structures are 
usually metastable and can transform to dense phases such as quartz (or the 
AlP 04 analogue berlinite) when heated for longer times and at higher tempera-
tures. This is an example of Ostwald's Law of successive transformations, which 
states that the first phase formed from a system tends to be the least stable ther-
modynamically and is replaced by more and more stable phases. 
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Figure 1-7: Cloveritea 
atefl from the symbol of the 1994 International Zeolite Conference. 
Thermal transformations can also occur outwith the synthesis mixture by heat-
ing a crystalline product (VPI-5 -+ A1PO 4-8 is described later in this chapter) 
eg. [44]. Phase transformations in the synthesis mixture have been found in the 
work done here, particularly in the A1PO 4 system (chapters 3 and 4). 
1.2.2 Recent Advances 
Many recent advances in zeolite synthesis are based around the choice of organic 
additive, and considerable work must be carried out to spot the correct gel chem-
istry, (eg. the silica sieve SSZ-24 has a very narrow crystallisation range [45]). 
Most zeolite and silica molecular sieve synthesis are based around the hy-
drothermal system. For other advances in synthesis, one must look at hetero-
element sieves such as in the alurninophosphate and gallophosphate phosphate 
systems. Cloverite, a gallophosphate [20], so called because of its pore shape (fig-
ure 1-7) was for some time the largest pore sieve, but has now been overtaken 
by JDF-20 [181, an aluminophosphate synthesised from a predominantly organic 
system. These "interrupted" structures contain OH groups which protrude into 
the pores. 
Further information on the synthesis of molecular sieves may be found in a 
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number of books (eg. [2, 4, 10, 11]) and reviews (eg. [12, 13, 41, 46-50]) written 
over the last 30 years. 
1.3 Aims of this Work 
In this work the aim was to synthesise new large (>6A) pore molecular sieves. 
For silica molecular sieves, the strategy adopted was centred around an aqueous 
preparation of silica sodalite [42, 51]. Sodalite cages (figure 1-2) can be used to 
build up a number of zeolite structures. Of particular importance to the study was 
faujasite. Trioxane is used in the aqueous preparation of silica sodalite and exists 
in each sodalite cage. It should be noted that trioxane is a neutral molecule, and 
so enhances the possibility of a higher silica content. By using mixed templates it 
was hoped that a suitable combination could be found with trioxane to fill both 
the sodalite cage and the supercage to give a silica faujasite. Work done on the 
synthesis of SAPO-37, a silicoaluminophosphate with the FAU structure, showed 
this 'dual template' effect [52-56], tetramethylammonium existing in the sodalite 
cages and tetrapropylammonium in the supercages. 
In the a.luminophosphate system a novel synthetic route, using a water solu-
ble aluminium phosphate hydrochloride ethanolate (APHE), was studied. It was 
hoped that by using a different route to A1PO 4 synthesis new materials would 
be discovered. In particular, recent reports of "inorganic VPI-5" [39, 40] indicated 
that AlP 04 synthesis in systems which did not contain amines or quaternary am-
monium hydroxides was possible. In addition, an investigation was carried out 
using some related organic compounds (piperazine, piperidine, morpholine and 
homopiperazine) in an aluminophosphate gel synthesis mixture. It was thought 
that by using these related organic compounds, further information on the role of 
the amine in AlP 04 synthesis could be gained. 
In this study, it was important to study a large number of reactions in a 
systematic and efficient manner, and also to avoid the possibility of contamination 
and seeding effects. To this end, new types of reaction vessels were designed and 
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fabricated (section 2.1.3). Reactions were also carried out in glass microtubes 
(section 2.1.1), which allow large numbers of samples to be studied in a short 
period of time. 
A number of themes have been explored. These include the use of dual tem-
plates to try to utilise the effects of both compounds and the use of novel precursors 
in aluminophosphate synthesis. Also studied were phase transformations during 
synthesis and the effect of small changes in synthesis temperature on the final 
products 
Chapter 3 describes the synthesis of a number of AlPO4s from APHE. This 
novel synthetic route produced AlPO 4s Hi, H2, H3 and H4. The chapter also 
discusses the role of pH in AlP 0 4 synthesis and sheds more light on the debate 
about the similarities between VPI-5 and A1PO 4-H1. 
Chapter 4 describes the synthesis and characterisation of two new aluminophos-
phate materials EA-5 and EA-6, from a piperazine containing system. It also 
describes a study of a series of related heterocyclic compounds in aluminophos-
phate synthesis. The structure of EA-6 was determined by single crystal X-ray 
diffraction and found to be a layer lattice. 
Chapter 5 describes a series of experiments on an all silica system based around 
trioxane silica sodalite. Particular attention was paid to mixed template systems 
where trioxane was used in conjunction with other organic compounds in the 
reaction mixture. Although no new products were obtained, the strength of the 
directing power of trioxane in the presence of Na+  is clearly demonstrated. In 
addition, the synthesis of a sodium-free silica sodalite is described, as is a single 
crystal study of silica sodalite. 
Chapter 2 
REACTION VESSELS, CHEMICALS 
AND ANALYTICAL TECHNIQUES 
This chapter outlines the different reaction vessels used in this study for the crys-
tallisation of silica and aluminophosphate molecular sieves, the chemicals used 
and the analytical techniques carried out to examine the products. Details of 
particular synthesis procedures employed for each experiment are described in the 
relevant chapters. 
2.1 Reaction Vessels 
As mentioned in the introduction (chapter 1), the aim of the work was to synthesise 
new materials. The chance of discovering a new material increases with the number 
of reactions carried out, and with this in mind, the choice of reaction vessel was 
very important. The factors considered included how to avoid seeding and prevent 
contamination, and at the same time have a large number of vessels available at 
relatively low cost. To satisfy these requirements new reaction vessels (called 
TOMS) were designed and manufactured. These satisfied the criteria outlined 
above and are described in detail in section 2.1.3. Other reaction vessels were also 
employed where appropriate. 
17 
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2.1.1 Glass Reaction Vessels 
Soda-glass Melting Point Tubes 
Standard 10cm long soda glass melting point tubes were used for the initial ex-
periments in the all-silica system. The main disadvantage with these was the 
problem of contamination from the tube, primarily sodium and aluminium, which 
resulted from the attack on the glass by the basic reaction mixture. However, this 
disadvantage was outweighed by their low cost and the fact that a large number 
of reactions could be studied in a short space of time. In particular they enabled 
the study of one reaction composition over a range of times and temperatures. 
The tubes were filled by capillary action. Each tube was dipped into the 
reaction mixture until there was about 3cm (0.037cm 3) of liquid in the tube. This 
was found to be the optimum amount of reaction mixture necessary to yield enough 
solid material for X-ray analysis, but prevent the tube from bursting while being 
heated in the oven. In some cases when the reaction mixture was too viscous the 
tubes were fitted onto the end of a syringe with silicone tubing and the material 
drawn into the sodaglass tube. 
The tubes were wiped clean and the dry end sealed by heating in a micro 
burner flame. The other end was sealed in the same way. This often caused a 
problem, as frequently a thin layer of reaction mixture on the side of the tube 
would leave a deposit as the solvent evaporated. This prevented the glass from 
melting over to form a perfect seal. To overcome this, the tubes were sealed by 
drawing the end out in the flame so that there was a clean glass surface to form a 
satisfactory seal. 
Tubes were heated in precision ovens, in racks specifically made so that the 
tubes lay horizontally. The tubes were emptied by cutting off both ends and forcing 
the contents out with a plunger. The plungers supplied for use with automatic 
pipettes proved to be ideal for this purpose. 
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Borosilicate Glass Tubes 
Borosilicate glass tubes which are marketed as mini pipettes (Camlab, Cambridge, 
UK) were used later in this work to try to overcome the contamination problem. 
These were filled, sealed and emptied in the same way as the soda glass tubes. 
Microslides 
These are fiat borosilicate glass tubes, 5cm in length, which are available with 
various internal volumes (also available from Camlab). The main advantage is in 
their shape: crystals can easily be examined under the optical microscope, inside 
the slide. In the melting point tubes, vision is hampered by the curved surface. 
2.1.2 PTFE Lined Vessels 
Parr Bombs 
These are commercially available pressure vessels (Parr, Illinois) which consist of 
a polytetrafluoroethane (PTFE) liner in a stainless steel case (figure 2-1). The 
steel lids have a hole in the top covered over by a thin metal disc. This will blow 
if the pressure gets dangerously high. Two sizes were used in this work, 23 ml 
(type 4749) and 125 ml (type 4748). Both sizes were heated in preheated ovens 
in the same way as the glass tubes. Large aluminium blocks were made to encase 
the larger bombs, so that they could be heated on magnetic stirrer hotplates with 
minimal temperature variation due to draughts etc (figure 2-2). 
Edinburgh Bombs 
These were designed by Dr B.M.Lowe, and built in Edinburgh and are similar to 
the Parr bombs in that they consist of a PTFE liner in a stainless steel case. The 
capacity of these bombs is 30 ml. The top of the bombs have a 'blowhole' drilled 
in them and a thick PTFE cap which acts as a bursting disc (figure 2-3). 
4 
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Figure 2-1: Parr Bomb 
Spring 
	 Stainless steel plates 
Bursting I It!'-  
Stainless steel case 
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Figure 2-2: Aluminium Block 
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2.1.3 New Design Reaction Vessels ("TOMS") 
The main considerations when designing new pressure vessels are safety, suitabil-
ity and ease and cost of fabrication. In addition account must be taken of the 
availability of spares and accessories which may also be needed. 
From the scientific point of view, renewable liners were the key feature. This 
was the only sure way of eliminating seeding effects. As the reaction mixtures were 
to be unstirred, only small volumes could be contemplated. Large .unstirred vol-
umes tend to behave irreproducibly due to uneven heating and convection effects. 
Small vessels make it economical to investigate high-cost templates. 
The basic design (figure 2-4) consisted of a simple steel tube, lined with thin 
walled PTFE tubing and fitted with PTFE end caps held on by screw nut fittings. 
Bursting discs of nickel foil cover the end caps. The reaction mixture will only 
come in contact with the PTFE. 
The size of the vessel was determined by the amount of sample needed. In 
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Figure 2-4: TOMS-Basic Design 





practice this meant the amount of solid required for X-ray powder diffraction. 
Calculations (appendix A) showed that a length of 10cm would be suitable. 
A safety feature incorporated into the design was the bursting disc at each end 
of the tube. In the event of a dangerous build up of pressure the bursting discs 
would rupture and release the pressure in a controlled fashion. 
As these reaction vessels were a halfway house between the melting point tubes 
and the teflon lined bombs, a name ('TOMS') was derived from the two words. 
Tube b OMb= TOMS. 
Some prototypes were built, based on the above design (figure 2-4). They were 
tested for leakage by half filling with water and weighing before and after heating 
in an oven at 150°C for 24 hours. Any weight loss was treated as a leak. The 
PTFE tubing was cut using a scalpel and the bursting discs were stamped out of 
nickel foil using a cork borer. The rest of the vessel, including the PTFE end caps 
were built in the mechanical workshop. 
After 24 hours most of the water had leaked out. The problem was that the 
PTFE end caps deformed when the couplings were tightened on. This also split 
the bursting discs (figure 2-5). These effects were thought to be due to the lack of 
support from the small lip on the swagelok coupling. The problem was solved by 
putting a washer in to the coupling to give the discs greater support (figure 2-6). 
This solved the problem of the bursting discs splitting but did not however 
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Figure 2-5: Split Bursting Disc 
Bursting disc Iii: 
stop the leakage. Again the problem was caused by the PTFE end caps deforming. 
When the couplings were tightened to provide a satisfactory seal they squashed 
the PTFE caps so that the PTFE tended to flow slightly under the elevated 
temperature and pressure. 
To get round this problem, split ring (spring) washers were also used so that 
the caps could be held tightly in place without deforming the PTFE. When the 
couplings were tightened the washer compressed rather than the PTFE. This pre-
vented major leaks from the TOMS, but there was still a small weight loss on 
heating. This was attributed to the imperfect contact between the PTFE liner 
and the PTFE end caps. 
It was recognised early on in the manufacture of the TOMS that a substantial 
Figure 2-6: Support from Washers 
Bursting dis 
Washer 
'FE end cap 
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Figure 2-7: Final Version 
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Wa 
number of PTFE tubes and end caps would be required. A jig was designed to 
cut the PTFE tubing to the correct length, with 'square ends'. This improved the 
contact between the liner and the end caps resulting in negligible leakage. 
There was also the problem of supply of PTFE end caps. It would be simpler 
if these could be made in the laboratory. A punch was made to manufacture end 
caps. It was not thought necessary for the PTFE end-caps to be of a 'plug' shape if 
the end of the tubing was squared off. Therefore the punch produced discs rather 
than plugs as end caps (figure 2-7). After prolonged use it was discovered that 
bursting discs were not required in the TOMS as the PTFE was strong enough in 
itself. Consequently, TOMS were used throughout the study in the form shown 
(figure 2-7). 
2.1.4 FEP Tubes 
Fluoroethylene (FEP) polymer tubing seemed to be an ideal material for reaction 
vessels. Unlike glass it is not attacked by strong bases, yet is transparent. It can be 
used at high temperature and is easily sealed. The most important feature of FEP 
is that it can provide a large number of vessels for a small cost. It was envisaged 
that the tubes would be used in a similar fashion to the melting point tubes, with 
the reaction mixture sealed in, and a new tube used for each experiment. 
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Figure 2-8: Glass Sealer 
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Some trials were carried out on FEP tubes containing water, and as with the 
TOMS, any weight loss was treated as a leak. The tubes were sealed using a 
glass tube about 5cm long and tapered at the end leaving a hole about 1.5mm in 
diameter (figure 2-8). The end with the hole was heated in a bunsen flame for 
about 10 seconds then the FEP tube pushed into it until a seal had formed. The 
FEP tube was then filled using a Pasteur pipette and sealed at the other end. 
The first reaction carried out in a sealed FEP tube lost all its water whilst in the 
oven. At first it was thought that this was due to unsatisfactory seals, but repeated 
attempts suggested that the water loss was due to diffusion through the walls of 
the tube. To test this an experiment was carried out, heating different lengths of 
tubing, filled with water and heated to 150° C . The weight loss was measured as 
a function of time. The results (figure 2-9, table 2-1) gave the same rate of water 
loss per unit length for both tubes and thus confirmed that water diffused through 
the FEP, which was reluctantly abandoned as a material of construction. 
Table 2-1: Weight loss per unit length from water filled FEP tubes after heating 
to 150°C 
length of tube weight loss / g.hour 1 Weight loss 
per unit length 
x 104 g.hour 1 .cm 1 
12 cm 0.007 5.833 
32 cm 0.0186 5.813 
Point of 
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Figure 2-9: Weight change on heating FEP tubes. First graph shows the weight 
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2.2 Ovens 
Ovens set at 95, 110, 120, 120, 140, 150 and 160° C were used during the synthesis 
work. With the exception of the 95 and 150° C ovens, all were Perkin Elmer 
precision ovens. The 95°C oven was a Gallenkamp oven (300 plus) series and the 
1500 C oven a Statim Oven. These temperatures were monitored and found to vary 
by about ±3°C. 
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2.3 Chemicals 
The chemicals used throughout the work were as follows: 
NaOH (Fisons, 98%) 
KOH (Fisons, 85%) 
CsOH.H20 (Fluka, 90-95% 
Sr(OH)2 .8H20 (BDH, 97% 
Tetraethylsilicate (BDH, 98%) 
Trioxane(Aldrich, 98%) 
Piperazine hexahydrate (Aldrich, 98%) 
Pyrrolidine (Aldrich, 99%) 
1-azoniapropellane chloride hydrate (Aldrich) 
Poly(1,1-dimethylenepiperidinium chloride) 20% solution in water (Aldrich) 
Paraldehyde (Fluka, 9815-crown-5 (Aldrich, 98%) 
18-crown-6 (Aldrich, 98%) 
Tetrapropylammonium bromide (Fluka, 98%) 
Ethylene glycol (BDH, 99%) 
LiOH.H20 (BDH, 99%) 
Pseudoboehmite (Kaiser alumina, 30% H 20 by weight (TG analysis)) 
Phosphoric acid (Analar, BDH, 85%) 
Piperidine (Fluka) 
Morpholine (Aldrich, 99%) 
A103 (anhydrous) (Analar, BDH, 99.5%) 
Dipropylamine (Aldrich, 99%) 
Tetramethylammonium bromide (TMABr) (Aldrich, 98%) 
Glycerol (Analar, BDH, 99%) 
Pentaerythritol (Koch-Light) 
Tetrapropylammonium Bromide (TPABr) (>98%, Fluka) 
Tripropylamine (98%, Aldrich) 
Triethylamine (>99.5%, Fluka) 
Dicyclohexylamine (>99.5%) 
1,2 diazacycloheptane (homopiperazine), (98% Aldrich) 
Tetramethylammonium hydroxide (40% solution in H 2 0), LAldrich) 
Tetrapropylammoni4m hydroxide (2O'o solution in H20), (luka) 
S10"&ah-o-si) . BOH) 
2.4 Analytical Techniques 
2.4.1 Optical Microscopy 
Optical microscopy was one of the first analytical techniques used in the charac- 
terisation and identification of the products from zeolite molecular sieve synthesis 
(chapter 1). Material was identified according to the morphology of the crystals. 
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Although now overshadowed by the wide range of modern analytical techniques, 
optical microscopy still has a part to play in the identification and study of molec-
ular sieves. It was used in this study to check if crystallisation had occurred and 
to follow the progress of reactions, as well as checking phase purity. 
The microscope used throughout this work was a Vickers M41 Photoplan, to 
which a 35mm Pentax ME super camera was attached. 
2.4.2 pH Measurements 
The pH of the initial reaction mixture is important in the production of AlP 045 
(see section 3.7). pH can also be used to study the progress of high silica sieve 
crystallisation [57], as the pH of the solution rises as more silica is incorporated 
into the structure, leaving free base in solution. 
Measurement was carried out using a Phillips PW9422 pH meter, equipped 
with a EIL combination electrode type 1180/200/UKP. This was standardised 
using buffer solutions prepared from tablets (BDH). 
Very often it was not possible to take pH measurements of the reaction mix-
ture after synthesis, as the amounts available were so small. However, some pH 
measurements were taken on larger samples. The reaction vessels were allowed 
to cool and then the electrode placed in the mixture for 10 minutes to allow the 
meter reading to stabilise before taking a measurement. 
2.4.3 X-Ray Diffraction 
As the wavelength of X-rays is similar in magnitude to the interatomic distances 
found in crystalline materials, an X-ray beam directed at such a material is 
diffracted (figure 2-10). This diffraction is governed by the Bragg equation: 
nA =2dsinO 
where n=a positive integer 
d=distance between crystallographic planes 
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Figure 2-10: X-Ray Diffraction 
Crystallographic planes 
0 =angle of incidence of the X-ray 
.A =wavelength of the radiation 
Maxima are observed only when the path difference is equal to an integral 
number of wavelengths. 
By analysing the pattern produced, information about the nature and structure 
of the material can be deduced. Diffraction from powders gives values for the 
spacing of the crystallographic planes, while single crystal work can give precise 
structures. Both diffraction from powders and from single crystals has been carried 
out in this work. Further information about the technique can be found in the 
literature [58, 59]. Both techniques are briefly outlined below. 
Powder Diffraction 
The patterns produced from X-ray powder diffraction (XRPD) provide a good 
'fingerprint' for identifying molecular sieves. A large collection of patterns has been 
assembled by Szostak [11] and a collection of simulated patterns for zeolites has 
also been published [60]. Recent advances such as the use of synchrotron radiation 
and Rietveld refinement eg. [61] mean that more detailed structural information 
can be obtained from powder patterns. In this work, however, XRPD has primarily 
been used as a identification tool rather than for structure determination. 
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Powder diffraction depends on a random orientation of crystals in the sample 
being analysed so that all possible crystallographic planes diffract. To ensure 
that this is the case, sample preparation is an important feature of the technique. 
Samples must be carefully ground to avoid problems of preferred orientation. This 
occurs when the orientation of the crystals in the sample holder is no longer random 
and results in spurious intensities in the diffracted radiation . It is most common 
for crystals with needle or plate-like morphology. 
XRPD was carried out on a Phillips semi automatic X-ray powder diffrac-
tometer and on a Guinier-Haag camera (Jungner Instrument XDC 700). On the 
diffractometer, the X-rays were produced from a PW1730/10 X-ray generator, fit-
ted with a copper fine focus X-ray tube, providing Cu Ka radiation of wavelength 
.A =0.15418nm. On the Guinier-Haag camera a PW1720 x-ray generator was used, 
producing the same radiation as for the diffractometer. Samples for XRPD were 
ground before being put into sample holders. The samples were automatically 
loaded into a PW1965/60 goniometer by a PW1394 control unit, and the output 
went via a PW1390 single channel control unit to a PM8203 chart recorder. 
As there was not enough material to fill the holder in many cases, analysis was 
also carried out using a specially cut wafer of silicon single crystal. In this instance 
samples were sprinkled onto the silicon plate after grinding, and a small layer of 
silicone grease was used to ensure the sample stayed affixed to the wafer. The 
silicon gave rise to 2 lines itself, at 38.2° and 44.6° 20 , but as most samples were 
analysed from 40° to 3° or 4° 20 this did not interfere with the pattern. Samples 
studied using the Guinier-Haag camera were analysed in small disc holders and 
prepared in the same way as for the diffractometer. 
Single Crystal X-Ray Diffraction 
Single crystal diffraction gives sufficient information to enable structure determina-
tion, but requires large crystals (c.lOOpm) which are often not available. However, 
structures (chapters 4 and 5) have been determined using this technique. 
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2.4.4 Scanning Electron Microscopy 
Just as optical microscopy uses light, scanning electron microscopy (SEM) uses a 
beam of electrons to probe the sample. The beam scans the specimen in a pattern 
of parallel lines and the image is built up on a cathode ray tube screen line by 
line. This image results from emission of low energy secondary electrons and 
reflected incident electrons. These emitted and/or reflected electrons are collected 
in a suitable detector, the number of electrons emitted being a function of the 
physical nature of the surface and its angle with respect to the incident beam. 
Samples are coated with a thin layer of gold before being analysed. This has two 
effects. Firstly, as the specimen is being bombarded with an electron beam of high 
intensity, the specimen will 'charge up' unless the charge is conducted to earth. 
This charging leads to image distortion, and can damage the sample. Samples are 
mounted on aluminium stubs before being coated with gold so that the charge can 
be dissipated. Secondly, the gold coating also increases the emission of secondary 
electrons, as this is directly proportional to the atomic number. The increased 
electron emission greatly improves image clarity. 
Samples were dispersed on an aluminium SEM stub (c. 1cm diameter) with 
acetone. Once the acetone had evaporated, the samples were coated with gold in 
an atmosphere of argon. 
2.4.5 Thermal Analysis 
Thermal analysis is the study of the change in properties of a substance as it 
is heated. Thermal gravimetric analysis (TGA) involves heating a sample on a 
balance and observing the weight changes as a function of different temperature. 
Differential Thermal Gravimetry (DTG) is the differential of the TGA and shows 
the temperature at which the rate of weight loss is greatest. Differential Thermal 
Analysis (DTA) shows the heat process involved in any weight loss (i.e. whether 
it is an endothermic or exothermic process). 
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TGA was carried out on a Stanton Redcroft 770 TG instrument. TGA, DTA 
and DTG were performed on a Stanton Redcroft 780 Simultaneous Thermal Anal-
yser. 
These techniques are particularly useful when analysing molecular sieves as 
the synthesis technique involves both water and an organic which are often both 
occluded in the final product. Release of water and decomposition of the organic 
compound occur at widely differing temperatures so that the weight and heat 
changes can easily be separated and analysed. 
2.4.6 Nuclear Magnetic Resonance (NMR) 
Unlike most spectroscopic techniques, NMR studies the nucleus rather than the 
electrons which surround it and gives information on the environment of a partic-
ular nucleus, and the relative proportions of these sites. 
It can be described simply if the nuclei of atoms are thought of as magnets. 
When an external magnetic field is applied these "magnets" can align either with 
or against the field. Those aligned with the field will be at a slightly lower energy 
than those aligned against the field and therefore there is a population difference 
between the two levels. When radio frequency is applied to the system some nu-
clei gain energy and move to the higher level while some emit energy and drop 
down to the lower level. As there are more nuclei on the lower level there is an 
overall absorbance of energy. This only occurs if the frequency applied (ii) satisfies 
v=SE/h where h=Planks constant. ÔE (the energy difference between the levels) 
is specific to particular nuclei. The chemical environment of the atoms also affects 
this resonance frequency. The spectrum obtained from an NMR spectrometer is a 
plot of radio frequency absorption against frequency. The intensity of the absorp-
tion is proportional to the number of absorbing nuclei in the sample. For example, 
a magnetic nuclei resonating at 100MHz will have this resonance frequency shifted 
by a few parts per million i.e in the order of a few hundred hertz, depending on its 
chemical environment. This is known as the chemical shift. This chemical shift is 
normally expressed as the difference in frequency from some given standard. For 
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1 11 it is tetramethylsilane (TMS) (CH 4 ) 4Si and in the case of 31 P this standard is 
phosphoric acid H3PO4 . In some instances the intensity of the signal is propor-
tional to the number of nuclei resonating. This quantitative aspect along with the 
chemical shift make NMR a useful tool in chemical analysis. 
Not all nuclei give rise to an NMR spectrum. Only those with a non zero 
nuclear spin quantum number (I) give spectrum. Isotopes which give rise to an 
NMR spectra include 1 H, 29Si, 31 P and 27A1. A more complete list can be found in 
the literature eg. [62], as can a detailed discussion of the theory of NMR (eg. [62-
64]). 
The environment can affect the chemical shift in two ways. Firstly, disturbance 
of the local magnetic field by the individual fields associated with neighbouring 
nuclei cause splitting in the chemical shift peak, from which structural information 
can be determined. Secondly, the electron density around the nucleus causes a 
change in the chemical shift. Nuclei close to electronegative elements such as 0 
will have their chemical shift increased. In liquids only interactions with nuclei in 
the same molecule are important, as interactions with other molecules are averaged 
out due to tumbling etc. In solids however this anisotropy does not exist and 
spectra of solids must be tackled in a different way. 
Magic Angle Spinning Nuclear Magnetic Resonance (MASNMR) 
The problem with studying solids is that it is not only the local environment 
which affects the chemical shift. There are long distance interactions which are 
not averaged out by the random motion of molecules as in a liquid. The relaxation 
time (the time taken for a system to return to its ground state) is also long, as the 
motions of the molecules are restricted, stopping energy transfer through other 
modes such as rotation and translation. This means that the sample can become 
saturated with all of the nuclei occupying the higher level. 
These anisotropy effects can be eliminated by spinning the sample at a certain 
angle to the magnetic field. This angle (54.7 0 ) is called the magic angle, and this 
technique is known as Magic Angle Spinning Nuclear Magnetic Resonance (MAS- 
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NMR). This angle arises because the equation which describes these interactions 
contains a term 3 cos 20_1  which becomes zero when 0=54.7°. The problem of 
relaxation can be relieved by using cross polarisation, in which nuclei are allowed 
to relax through other nuclei. Further information on MASNMR can be found in 
reference [65]. 
The information which can be gained from MASNMR relates to the environ-
ment of the particular atom. For instance in an aluminosilicate, Si connected to 
0,1,2,3 and 4 Al atoms can be distinguished from their different chemical shifts. In-
formation can also be obtained about the interaction with any occluded molecules 
and how sites within the structure may differ. 29Si, spin =, gives narrow lines, 
and its natural abundance is 4.6%. As a dilute system there is no Si-Si splitting, 
however the intensities are low. 27A1 MASNMR is very useful as the abundant 
nucleus (27A1, 100%) is magnetic (I=). However this is a quadrupolar nucleus 
and therefore gives broad peaks. Studies on A1PO 4s have been carried out e.g. 
[66-68] and have been particularly useful in determining the coordination num-
ber of the aluminium. In this work, a MASNMR study was carried out on two 
aluminophosphate compounds (chapter 4). 
MASNMR was carried out by staff at the SERC facility at the University of 
Manchester Institute of Science and Technology (UMIST). 
Chapter 3 
Synthesis of A1PO4s from a Precursor 
Complex 
3.1 Introduction 
In the synthesis of molecular sieves, novel methods are always of interest, and are 
likely to produce new materials. As such, the water soluble aluminium phos-
phate hydrochloride ethanolate (APHE) was considered to possess properties 
which would be of interest in AJP0 4 synthesis. APHE has the empirical for-
mula [{Al(PO 4)(HC1)(C 2 H5OH)4 }4] and was first synthesised in the late 1960s at 
ICI [69-74]. It was originally used to coat materials such as glass with an amor-
phous aluminophosphate layer [75-78]. There are no reports of it being used in 
the synthesis of aluminophosphate molecular sieves. 
The APHE structure [69] (figures 3-1 and 3-2) consists of cubes of octa-
hedral aluminium and tetrahedral phosphorus which are linked through Cl and 
EtOH ligands. These cubes are potential building blocks for a number of known 
A1PO4 structures and also a few proposed structures [79]. APHE dissolves in wa-
ter to form a clear acidic solution containing aqueous A1PO 4 species. Described 
here is the synthesis of A1PO 4 molecular sieves from APHE solutions. 
Work has been carried out on APHE/water solutions and APHE/water/organic 
additive solutions. The results from the APHE/water systems bore a close resem-
blance to those of D'Yvoire [28] and one of the most interesting products was a 
material resembling D'Yvoire's hydrate A1PO 4-H1 and VPI-5. The similarities be-
tween Hi and VPI-5 [19] have been mentioned (section 1.2), and a full discussion 
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Figure 3-1: Perspective drawing of one of the tetrameric units of APHE 














0i 0 jBridging oxygens 	04 - 0 oxygens of ethanol 
in cage structure. ligands. 
07 : non bridging oxygen (terminal) 
08 : oxygen of loosely bound ethanol 
hydrogen bonds 
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Figure 3-2: Partial projection of the structure of APHE down the axis. The 
four outer groups of atoms belong to the upper faces of tetramer units with centres 
on z =0. The central group is the lower face of a unit centred at z = 12- 
Q 	154 A 
Al 
• 05 	CL 04 
07 
04 .05 	: Oxygens of ethanol ligands 
07 : Non bridging oxygen. 
Chapter 3. Synthesis of AJP0 4s from a Precursor Complex 	 38 
on these similarities, taking into account the results obtained here, is included at 
the end of this chapter (section 3.7.2). It is concluded that Hi and VPI-5 are 
likely to be the same (or very similar) materials. In these APHE solutions it was 
found that the pH of the reaction mixture played a large role in determining the 
final product. The pH controls the nature of the species in solution and only at 
certain pH values did the structure directing role of the organic additive have any 
effect. A1PO 4s Hi to H4, A1PO4-5 and A1PO4-11 have been synthesised from an 
APHE system. 
3.2 Aluminium Phosphate Hydrochloride Ethanolate 
(APHE) 
The structure of APHE has the potential to be the building block for a number of 
structures. However, this depends on the cube-like structure surviving in solution. 
APHE also has the advantage of being a complex of set stoichiometry, allowing 
reproducibility in reactions, which in turn makes study of the system easier. The 
material is crystallised from solution, so that impurities are minimised. Finally 
the clear solutions produced simplify study of the crystallisation process. 
APHE is a member of a family of soluble phosphates, iron, titanium and 
chromium versions have been reported [74]. All of these are potential A1PO 4 pre-
cursors. However, an attempt was made to synthesise a similar gallium phosphate 
material, but without success. 
3.2.1 Synthesis of APHE 
APHE was synthesised following the outline of the method described in the initial 
patent [70]. This is summarised below. 
AlCl (anhydrous, 40g) was dissolved in EtOH (dried using MgI 2 , 300rnl). 
The mixture was cooled in ice and H 3PO4 (85%, 18.4m1 1, was dripped in. 
The solid formed was filtered off, washed with ethanol, and dried in an evacuated 
II 
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desiccator over P 205 . 
Care was taken to exclude water at all stages of the reaction. It is important that 
when drying, the compound is not continuously pumped. APHE decomposes over 
time into amorphous A1PO 4, HCl and ethanol. Continuous pumping accelerates 
this process. 
APHE was used in this form in all experiments. An example of the XRPD 
pattern obtained is shown in figure 3-3. The XRPD data can be found in table 
3-i. 
3.3 A1PO4 Synthesis using APHE 
As APHE is water soluble, it was envisaged that the best way to utilise it in 
AlP 04 synthesis was to heat an aqueous solution in the same manner as conven-
tional A1PO4 synthesis (section 1.2). Other studies would involve the addition of 
an amine or other basic organic compound to form a gel. In APHE the Al ratio 
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Table 3-1: XRPD pattern of as synthesised APHE compared to data from patent 
As synthesised APHE APHE 
20 d I/L 1/10 
8.2 10.78 26 6 vs 
8.4 10.53 25 13 
r7.2 
10.8 8.19 15 4 
11.8 7.50 13 4  vw 
6.25 w 
16.8 5.277 62 9 5.24 w 
18.2 4.874 53 7 4.87 w 
19.3 4.599 47 6 4.57 vw 
22.0 4.040 36 44 4.04 m 
24.6 3.619 29 86 3.62 s 
25.8 3.453 26 100 3.44 s 
27.3 3.267 23 6 3.25 vvw 
27.9 3.198 22 19 3.18 vw 
28.7 3.110 21 10 3.11 vvw 
29.5 3.028 20 33 3.02 w 
30.3 2.950 19 34 2.94 vw 
30.8 2.903 18 1 2.89 vvw 
31.5 2.840 18 26 
31.8 2.814 17 33 2.81 w 
32.8 2.730 16 4 2.72 vvw 
33.8 2.652 15 11 2.64 vw 
34.4 2.607 15 6 2.60 vvw 
35.1 2.557 14 4 2.54 vvw 
36.0 2.495 13 16 2.489 vvw 
36.2 2.481 13 10 2.460 vvw 
37.0 2.430 13 4 
37.6 2.392 12 10 
37.8 2.380 12 6 
38.8 2.321 12 11 
39.3 2.293 11 - 10 2.279 1 vw 
a reference [71] 
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is 1, therefore the amount of AP}IE added will make no difference to this ratio. 
APHE dissolves to form a clear solution, therefore it was thought that the need for 
an ageing step was removed (the purpose of this ageing step is to allow phosphoric 
acid and A1 203 to react). The amount of amine to be added in A1PO 4 synthesis 
would be determined by the final pH of the reaction mixture. 
APHE decomposes giving off EtOH (which is replaced by H 20) and HC1. The 
pH of a purely APHE/water solution varied, depending on the exact conditions but 
was always less than pH 1. The amount of amine or base added in certain reactions 
was determined by the pH of the starting mixture rather than any calculated 
composition. 
3.4 Experimental 
An aqueous APHE solution was prepared and the organic additive (if any) added. 
In certain reactions the addition was gradual and the pH monitored. Heating 
was carried out in bombs, Parr bombs and TOMS (see section 2.1), at various 
temperatures from 95-150° C 
3.5 Results 
3.5.1 APHE/Water System 
This section describes experiments carried out in systems containing only APHE 
and water. A summary of the reaction compositions can be found in table 3-2. 
KFAL23 
A reaction mixture of composition 1 APHE:20 H 2 0 was heated at 6 different 
temperatures and removed after 7 different times, giving 42 samples. The reaction 
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Table 3-2: Reaction compositions for reaction compositions containing only 





KFAL18 1 40 
KFAL23 1 20 
KFAL24 1 100 
KFAL25 1 40 
vessels used were TOMS . This H20  ratio of 20 was the most concentrated solution 
obtainable as the phosphate complex would not dissolve in smaller amounts of 
(cold) water. The initial pH of the reaction mixture was 0.37. 
After removing from the oven, the reaction vessels were immediately cooled 
in ice to stop the reaction. The contents were then washed into test tubes with 
distilled water and the solid filtered off. Emptying the vessel in this way allowed 
a choice of filtering techniques: filter paper if the particle size was large enough 
to settle to the bottom of the tube or 0.45um membrane if the water was cloudy. 
The reason for this difference was the time involved. Filtering using paper takes 
a shorter time and therefore it was the preferred technique whenever possible. 
XRPD was carried out on all samples and results obtained are shown in table 
3-3. A comparison of the XRPD patterns of the Hi obtained here and a sample 
of DPA-VPI-5 is shown in figure 3-4. 
The general pattern of results shows (table 3-3) that the dense phase tridymite 
forms at higher temperatures, and the open framework VPI-5 forms at low tern-
peratures and short reaction times. Furthermore the sequence with time appears 
to be H1-H2/H3-TR-H4. Hi appears to require less forcing conditions of short 
'except for reactions 148/4h, 148/24h and 95/6 k which were carried out in bombs 
and all other 95°C reactions which were carried out in Parr bombs. 
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Table 3-3: Products from reaction mixture KFAL23 
time/h Reaction Temperature / °C 
95 116 121 132 139 148 
Npa Amb SPC Hide TR1 TR 
1 NP Am Am TR TR TR 
2 NP Am/H19 H19 TR TR/H3 TR 
3 Am Hie Hit TR TR TR 
4 Am HP H1/TR/H3 TR/H4 TR TR 
6 Am TR/H2/H3 TR/H4 TR/H4 TR/H4 TR 
24 Am H2/H3/H4' H4k H4 H4 H4 
aNp flo  precipitate 
bAmamorphous 
4 sP = single peak 20=18.3, d=4.85 
dHi, see reference [28] and section 3.7.2 
eOnly  first peak visible 
1TR=tridymite 
9 trace of VPI-5 
hH2,H3,114 see ref. [28] 
Spoor XRPD pattern 
'sharp XRPD pattern 
k contains  trace of another phase, probably variscite 
Chapter 3. Synthesis of AIP0 45 from a Precursor Complex 	 44 
Figure 3-4: XRPD pattern of A1PO 4-H1 (from APHE) compared with VPI-5 
I f 
/ 
I 	 I / 	'=AIP(J4 41 impurity 
Oki 
. I bj.j1t 
4 6 S 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 
Degrees 20 	ON 
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times and low temperatures. This pattern of results is discussed further in section 
3.7. 
An interesting feature of this reaction sequence is that dense phase A1PO 4-
tridymite is not the final product. It is not normally expected that a less dense 
product forms from a more dense one, but here it appears to be the case. 114 is 
formed and no trace of AlP 0 4-tridymite is observed in the XRPD patterns at 24 
hours. This suggests complete conversion of A1PO 4-tridymite to H4, so at these 
temperatures, the hydrate H4 is the thermodynamic end-product. Although not 
directly investigated, it does appear from the reaction summary diagrams (figures 
3-18 - 3-21) that at higher temperatures (>150°C ) anhydrous AlPO 4tridymite is 
the stable product, as might be expected. 
Note that the isolation of an amorphous product should not be taken to mean 
that this phase was precipitated from solution during the synthesis reaction. It is 
thought that this material may originate from some residual APHE decomposing 
on the filter paper by HCl loss to leave an amorphous coating, rather than any 
amorphous material crystallising out of solution originally. Further studies (exper-
iment KFAL18, and direct observation using a hot stage microscope) support this 
view. It is thought however, that an amorphous phase is produced after longer 
heating times at low temperatures, indicated by a dotted line in the summary 
diagrams. 
KFAL24 
The reaction composition 1 APHE:100 H 20 was heated in TOMS over a similar 
range of times and temperature to experiment KFAL23. 
The more dilute solution gave less forcing conditions and traces of 111 appear 
at 150° C in only 30 minutes. It must be noted that dilution does not change 
the nature of the products, only the pattern of product appearance in relation to 
temperature and time. Again these results will be discussed fully in section 3.7. 
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Table 3-4: Products from reaction mixture KFAL24 
time/h    Temperature 0C 
95 100 117 124 132 139 150 
1 a 
- Am   Am Am/H1 H1C 
1 - - - Am Am TRI/1119 TR 
2 - Am - Am TR='H1 TR TR 
3 Am - - Am TR>>H4 TR>>114 TR>>H4 
4 Am Am Am Am - TR>>H4 T}t>H4 
6 Am Am Am H1=112 H4 H4 TR>H4 
24 Am - - H4/VR' 114 I 	114. 114 
aflot studied 
bAm.Amorphous 
cHi, see reference [28] and section 3.7.2 
dminute  trace 
epoor  XRPD pattern 
1TR=A1P 04tridymite 
h=,< etc. indicates relatives amount, determined from XRPD intensities. 
VR=variscite 
1 contains another phase probably 113 
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Table 3-5: Products from reaction mixture KFAL38 
time  Temperature °C - 
95 110 120 130 140 150 
-Ih - - - Am TR TR 
ih - - - TR=H4 TR<<H4 TR 
2h - - Am TR>H2 TR>>114 TR<H4 
3h - AM - H4 - TR>>H4 
4h - - 113 H3<114 - TR>>H4 
6h -H3 - - 114 H4 
24h - H3/TR - H4 H4 H4 
8d V- MV' - - - - 
°V=variscite 
bMV metavariscite 
For explanations of other abbreviations, see previous tables. 
KFAL38 
A reaction mixture was prepared from A1203:P20 5 :391120 and HC1 was added to 
form a clear solution of pH 0.38. The results showed no trace of Hi, clearly demon-
strating the advantage of using APHE for Hi synthesis. Hi has been prepared 
from similar compositions [39, 40], but it has been found that particular attention 
should be paid to the stoichiometry of the reaction, especially the ratio. Hi was 
not found in systems containing ratios of 1 [40]. This is surprising as APHE 
contains a ratio of 1. Perhaps APHE promotes certain solution species giving 
a different equilibrium to that found in a solution of similar p11 prepared directly 
from alumina, H3PO4 and HC1. Reports of different acids (HF and ethanoic) used 
in a similar system did not produce Hi, although HC1 did [40], pH is therefore not 
the only factor involved. Reports indicate [80] that the presence of chloride does 
not stabilise certain solution species. 
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Table 3-6: Products and pH of Supernatant liquid for experiment KFAL18 
time heated / h product Approx. Crystal size pH 
no ppt. 0.63 
1 no ppt 0.36 
2 no ppt 0.64 
3 Hi 20-30gm 0.64 
4 Hi 4050 m' 0.34 
6 H2/H3/A1PO4-tridymite 10- 15jtm 0.24 
°forming wheatsheafs. 
KFAL18 
As reactions were carried out in TOMS, there was not enough supernatant liquid 
to allow the pH to be measured. Reaction KFAL18 was conducted in Parr bombs. 
The pH of each reaction was measured after heating at 120° C for different times. 
The results are shown in table 3-6 
This indicates that the first appearance of Hi occurs between 2 and 3 hours, 
with all traces removed after 6 hours. The pH remains very acidic and fairly con-
stant throughout the crystallisation. It also appears to show that Hi crystallises 
directly from solution, there is no amorphous phase. 
The pH of the supernatant liquid was markedly different from that reported in 
the synthesis of DPA-VPI-5 which was around 7 [43]. The pH of Hi synthesised 
from clear solutions [40] was not reported. 
Direct Observation 
One of the questions which arose was does Hi crystallise directly from solution 
or does an amorphous phase form first ? The results appeared to show that 
an amorphous phase was involved. Some confusion existed as to whether the 
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amorphous phase was 'real' or whether it resulted from APHE solution 'drying 
out' on the filter to produce an amorphous material. 
An experiment was carried out by heating APHE solutions in microslides (sec-
tion 2.1) to 120°C on a hot stage microscope. No amorphous phase was observed, 
the first sign of solids was the appearance of small needles, the morphology of Hi 
[39]. This crystallisation was recorded on video. 
NMR Studies 
An APHE solution was studied by 31 P NMR and the supernatant liquid from 
samples taken from a synthesis carried out at 120° C was also examined. 
The APHE peak remained the same as for an unheated sample showing that 
there was no production of any new, stable solution species on heating, but this 
does not discount the possibility of other species existing at elevated temperature 
which then reconvert on cooling. 
As can be seen (figure 3-5, table 3-7) there is very little change in the 31 P 
spectra during the period when Hi is crystallising. The major change occurs 
when other phases start to appear. Possible solution species have been reported 
in the literature along with their 31 P chemical shifts [80, 81] and the results (table 
3-7) are discussed in section 3.7. 
Thermal Stability - KFAL25 
The thermal stability of the APHE-derived Hi was tested in the following way: 
Samples of Hi were heated to 95°C and 120°C for 24 hours, in unsealed con- 
tainers. XRPD showed that a transformation to AlPO 4-8 had taken place (table 
3-8). 
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Figure 3-5: 31 P NMR of supernatant liquid from Hi synthesis 
Products 
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Table 3-7: 31 P NMR data from supernatant liquid from Hi synthesis 
Time / minutes 
30 90 180 240 1140 
ppm I ppm I ppm I ppm I ppm I 
2.9 6 
1.6 9 
-7.8 3 -7.9 2 -7.8 3 -7.7 3 -7.7 16 
-11.9 24 -12.0 25 -11.9 25 -11.9 25 -12.8 6 
-17.0 8 -17.1 1 10 1 -17.0 1 9 1 -17.1 1 	9 1 -15.4 3 
3.5.2 Addition of Amines and Quaternary Ammonium Hy-
droxides 
KFAL4 
Dipropylamine (DPA) was added gradually to an APHE solution using a pipette. 
After each addition of DPA the pH was measured. A pH of around 4-6 similar 
to that reported in VPI-5 synthesis [43] was thought to be suitable and the pH 
was adjusted by addition of HC1 (35% solution in water) to give a final value of 
pH 6.37 (A graph of this pH change can be seen in figure 3-6). This gave a reaction 
composition of: 
1APHE:56 H 2 0:1.36 DPA:0.15 HC1 
This was divided between two bombs and heated in an oven at 150° C . The 
reactions were terminated after 23 and 48 hours. 
There are a number of observations to note about this reaction, particularly 
about the mixing. The initial APHE / water solution was clear, but the addition of 
the amine caused the solution to gel. This gel settled at the bottom of the bottle. 
The solution gradually became more viscous as the amine was added although the 
pH changed very slowly (figure 3-6). This corresponds to the typical neutralisation 
curve of a strong acid and a weak alkali. 
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Table 3-8: XRPD data from Product from reaction KFAL25 after heating to a) 
as synthesised, b) heated at 95°C for 24 h, c) heated at 120°C for 24 h, d) VPI-5 
and e) A1PO4-8 
a)  b)  c)  d)  
d 1/10 d 1/10 d I/Ia d 1/10 d I/Ia 
16.67(63) 100 16.36(60) 63 16.07(58) 79 16.43 100 16.7 80 
9.51(20) 2 14.03(44) 17 14.03(44) 8 9.49 2 13.6 100 
8.19(15) 23 9.72(21) 5 8.93(18) 15 8.23 14 8.84 17 
6.15(9) 13 8.84(18) 25 8.19(15) 23 6.21 6 8.19 2 
5.51(7) 3 8.04(14) 13 6.15(8) 13 5.48 2 6.07 4 
4.901(54) 1 6.109(84) 8 4.720(50) 13 4.75 6 5.56 16 
4.745(50) 11 5.574(70) 15 4.440(44) 5 4.08 20 4.72 2 
4.095(37) 12 4.720(50) 12 4.077(37) 100 4.05 22 4.48 8 
4.058(37) 11 4.484(45) 17 3.952(35) 62 3.97 14 4.40 12 
3.969(35) 8 4.077(37) 100 3.754(31) 28 3.94 15 4.19 82 
3.934(34) 7 3.917(34) 71 3.562(28) 21 3.77 10 4.06 18 
3.77(31) 16 3.754(31) 17 3.401(26) 8 3.64 4 3.97 39 
3.633(29) 2 3.534(28) 25 3.279(24) 33 3.41 2 3.92 sh 
3.576(28) 5 3.267(23) 20 3.187(22) 5 3.28 16 3.77 3 
3.427(26) 2 2.998(20) 20 3.164(22) 8 3.17 5 3.68 11 
3.279(24) 16 2.730(16) 20 3.089(21) 10 3.08 7 3.58 11 
3.220(23) 1 2.350(12) sh 3.018(20) 8 3.03 4 3.29 2 
3.164(22) 7 2.950(19) 15 2.95 8 3.16 5 
3.121(21) 1 2.894(18) 8 2.90 5 2.853 4 
3.089(21) 4 2.739(16) 21 2.74 7 2.722 3 
3.038(20) 2 2.495(13) 5 2.63 2 2.622 1 
2.959(19) 13 2.350(12) a 2.50 3 2.522 3 
2.903(18) 4 1 2.35 3 2368 9 








°coincides with line from Si backing plate (section 2.4.3) 
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Figure 3-6: Graph of pH change during mixing of reaction KFAL4 
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In both the 23 hour and 48 hour samples, the product of reaction KFAL4 was 
A1PO4-11. Only a few peaks were visible in the 23 hour sample, but a *a?-pe.r 
pattern was obtained after 48 hours (table 3-9, figure 3-7). This initial result 
was encouraging, as it demonstrated that APHE could be used in the synthesis of 
microporous A1PO 4s. 
KFAL5 
Experiment KFAL5 was carried out to investigate whether or not the aluminium 
and phosphorus were in a reactive enough form to crystallise out an A1PO 4 at room 
temperature. A gel was prepared by addition of DPA to a APHE solution. This 
was then dried. Examination by XRPD showed no traces of crystalline material. 
KFAL6 
KFAL6 was an initial investigation into the effect of varying the pH in the APHE 
system. A solution of APHE (9.96g) in water (50.11g) was prepared and a small 
aliquot (-s6ml) removed. Then DPA was added in small portions, another aliquot 
of —.6m1 removed, and its pH measured. This was repeated until the DPA and 
APHE solution no longer formed a homogeneous mixture. Addition of the DPA 
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Table 3-9: XRPD data from product from reaction KFAL4 150/48h 
KFAL4_150/48h AlP0-11 -  
20 d I/Ia d 1/10 
8.1 10.91(27) 26 10.85 34 
8.5 10.40(24) 8 
9.5 9.31(20) 45 9.31 49 
13.3 6.66(10) 16 6.66 16 
15.7 5.64(7) 63 5.64 30 
16.1 5.50(7) 5 5.42 5 
19.0 4.671(49) 11 4.67 6 
20.5 4.332(42) 50 4.32 50 
21.0 4.230(40) 100 4.23 100 
22.1 4.022(36) 66 4.00 58 
22.6 3.934(34) 84 3.93 75 
23.2 3.834(33) 81 3.83 67 
24.80 3.590(28) 11 3.62 10 
25.6 3.480(27) 3 3.59 11 
26.4 3.376(25) 18 3.38 13 
26.7 3.330(25) 26 3.34 17 
28.7 3.110(21) 16 3.11 15 
'.  
29.5 3.028(20) 3 3.02 9 
31.5 2.840(18) 16 2.84 10 
33.0 2.714(16) 16 2.71 15 
34.2 2.622(15) 11 2.61 11 
2.46 6 
37.90 2.374(12) 11 2.37 14 
a reference  [11] 
Chapter 3. Synthesis of AJP0 4s from a Precursor Complex 	 56 
Table 3-10: Reaction KFAL6:Amine content and pH of initial reaction mixtures 
Sample Total amount 
of DPA added 
pH 
KFAL6(i) 0.0 1.27 
KFAL6(ii) 0.1 1.36 
KFAL6(iii) 0.5 1.35 
KFAL6(iv) 1.0 1.45 
KFAL6(v) 2.0 1.82 
KFAL6(vi) 2.5 2.92 
KFAL6(vii) 3.0 7.24 
KFAL6(viii) 4.0 9.86 
KFAL6(ix) 5.0 10.81 
KFAL6(x) 10.0 11.06a 
KFAL6(xi) 10.5 11.10° 
agel formed two layers 
gave the same effect as found in KFAL4 - the viscosity of the mixture increased 
towards pH 7. As pH increased over 7 it was noticed that the gel became less 
viscous, before at very high pH excess amine formed a clear layer above the white 
gel. This correlates with the findings of Mortlock et al. [81] where they showed 
the existence of a gel region around the pH value found in this study. Borosilicate 
glass tubes were filled with each mixture and sealed and heated as described in 
section 2.1.1. These were placed in ovens at 95, 120, 140 and 150°C 
Clearly this experiment is not ideal as at each stage reactants are being re-
moved at the same time as DPA is added. However as an initial investigation it 
demonstrated the variation of products with pH. 
The pH of each sample before heating is given in table 3-10 and the XRPD 
results are summarised in table 3-11. 
Note H4 and 113 are prevalent at low pH (<2) but are not produced at higher 
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values. A trace of A1PO 4-11 in the 150° C sample is expected, from the result in 
experiment KFAL4 (section 3.5.2). This pH dependent trend in the products can 
be related to the solution species and will be fully discussed later (section 3.7). 
Other Amines Used 
The results obtained in experiment KFAL6 showed a wide variety of products could 
be obtained from a system by varying the pH. Further reactions were carried out 
using a range of amines. The compositions of these reactions are summarised in 
table 3-13. 
KFAL34 
The reaction mixture (table 3-13) was heated in bombs at 150°C and samples 
were removed after 1
7 
1, 2, 4, 8 and 27 h. No traces of crystalline product were 
discovered in any of these samples. 
KFAL42 
This was heated in Parr bombs at 150'C for various times. Systems of this pH 
(>7) are not normally used in A1PO 4 synthesis and this is reflected in the results 
table 3-14. A poor pattern was obtained of a phase which did not correspond 
with any known A1PO 4 structure (figure 3-8, table 3-15). 
KFAL44 
It was thought that the high pH resulted in the lack of any microporous A1PO 4 in 
KFAL42, therefore TPAOH was titrated into a APHE solution to give a pH of 3.72. 
The pH change can be seen on the graph (figure 3-9). The major products were 
H3 and A1PO 4-tridymite, with A1PO 4-tridymite favoured at higher temperatures. 
In comparison to KFAL23 (pH < 1), no traces of Hi or H2 were found in this 
higher pH synthesis, and only a small amount of H4 is observed. Products also 
took a longer time to crystallise. 
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Table 3-11: Products from reaction mixture KFAL6 
T/°C 
Sample i ii iii iv v vi vii viii 
pH 1.27 1.36 1.35 1.45 1.82 2.91 7.23 9.86 
time 
150 21h 114° 114 1146 H4>>cA11de TR6/k TR NPO U6a" 
150 42h H4 - - - - - - - 
150 3h TR - - - - - - - 
140 24h 114 H4 - H4 H4 TR NP - 
120 24h - H3° H3 112° < 1 H3 U6W NP NP - 
120 14d - - - - H3 I 	- - - 
95 24h - - NP I 	NP I 	NP I NP I NP - 
a H4, H3, see ref. [28] 
b Contains impurities 





h 136a, unknown, see table 3-12 
not studied 
'U6b, unknown (poorly defined pattern see table 3-12) 
k contains U6a peaks 
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Table 3-12: XRPD data from unknown phases from reaction mixture KFAL6 
!J6a U6b 
d/A I/L d/A 
9.11(18) 100 16.36(60) 100 
4.93(5) 21 14.48(48) 25 
4.33(4) 36 13.19(39) 58 
3.917(34) 36 9.21(19) 67 
3.739(31) 64 3.77(31) 42 
3.633(29) 64 3.63(29) 75 
3.376(25) 28 
Figure 3-8: XRPD pattern of U42 
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Degrees 20 
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Table 3-13: Organic compounds added to the APHE system to alter the pH 
Reaction Organic used Reaction Composition pH 
APHE r° H20 HC1 
KFAL34 PIPZ' 1 1 50 0 5.60 
KFAL42 TPAOHC 1 1 100 0 8.92 
KFAL44 TPAOH 1 0.56 90 0 3.72 
KFAL45 TMAOHd 1 1.23 43.3 0.17 4.37 
KFAL54 pjpe 1 1.4 43 0.3 4.55 
KFAL55 PIP 1 1.2 55 0 5.40 
KFAL58 Tripropylamine 1 0.92 67 0 1 4.11 
KFAL59 Triethylamine 1 1.27 41 0.18 3.81 
KFAL60 Triethylamine 1 0.91 40 0 6.43 
KFAL61 Triethylamine 1 0.98 40 0 4.71 
KFAL62 Triethylamine 1 1.32 42 0.18 5.78 
KFAL63 dicyclohexylamine 1 1.33 46 0 6.53 
KFAL64 dipropylamine 1 2.11 59 0.84 6.34 
amoles  of amine/hydroxide 
bpIpZ......piper ine 
CTPAOH=tetrapropylammonium  hydroxide 
dTMAoHtetramethylajflionium  hydroxide 
ePIP=piperidine 
Table 3-14: Products from reaction mixture KFAL42 
Time heated 2h 24h 'Td 9d 17d 
Products Am Am U42 a U42 U42 
aU=poorly  defined, unknown pattern, see figure 3-8 and table 3-15 
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Table 3-15: XRPD data for U42° 
29 d/A '/i 
4.2 21.0 8 
13.0 6.8 58 
17.4 5.1 42 
23.5 3.8 46 
29.0 3.1 100 
30.8 2.9 96 
35.2 2.6 46 
36.0 2.5 21 
4note, values only approximate 
Table 3-16: Products from reaction mixture KFAL44 
time Temperature °C 
95 111 123 130 143 150 
2h - - - - - TR 
4h - Am Am Am Am TR 
3d Am Am 113 113 TIt>113 TR 
1 1  4d Am Am 113 H3 I TR>H3 TR 
7d Am H31 H3 113C TR>H3 TR 
18d - H30  H3 H3C TR>>H3 - 
66d - 113 H3 113 H3>TR - 
°small trace H4 
bvery  small trace 
Csharp XRPD pattern 
Chapter 3. Synthesis of AJP0 4s from a Precursor Complex 	 62 













0 	10 	20 	30 	40 	50 
Amount .1 TPAOH solution .44.4/ al 
KFAL45,54,55 and 58 
A number of other experiments (KFAL45,54,55,58) were carried at similar pH 
using different amines and hydroxides. All gave the products H3 and A1PO 4- 
tridymite. The results from these experiments are summarised in tables 3-17, 
3-18, 3-20 and 3-21. 
KFAL59-62 
The difficulty in producing any other AIP0 4  compounds bar the D'Yvoire AlP 0 4s 
was puzzling, especially as AlP 0 4-11 had been produced with such ease previously 
(KFAL4). An investigation was carried out into the role of HC1 in these synthesis. 
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Table 	3-17: 	Products 	from reaction 	mixture KFAL45 
(1 APHE:0.6 TMA2 0:44 H20:0.17 HC1) 
Temperature °C 
111 123 128 144 150 
Am(17h)' Am(4h) H3(40d) Am(2h) Am(2h) 
H3b(72h) Am(4)h TR'(4h) 
H3(72h) TR+(72h) 
ajfldjcates  time heated 
btrace  
Table 	3-18: 	Products 	from reaction 	mixture KFAL54 
(1 APHE:43 H 20:1.4 PIP:0.3 HC1) 
Time Temperature °C 
120 130 140 150 
lb - - Am Am 
2h - - - Am 
7h Am Am Am Am 
19h Am Am - Am 
26h AmAm - Am 
4d Am - - H30b 
12d - - - H3' 
°trace 
b contains  impurity, see table 3-19 
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Table 3-19: XRPD data of unknown peaks in KFAL54 
29 cl/A I 
5.0 17.67(70) 9 
18.6 4.77(5) 5 
21.5 4.13(4) 20 
22.9 3.88(33) 11 
Table 3-20: Products from reaction mixture KFAL55 (1 APHE:1.2 PIP:55 1120) 
Temperature °C 
119 128 140 150 
Am(19h) Am(19h) Am(19h) Am(1h) 
Am(42h) Am(10d) Am(65h) Am(42h) 
Am 10d) H32(81d) Am(65h) 
H3(81d)  Am(10d) 
a contains  unknown peak 20=5.0, probably same as KFAL54 (table 3-19) 
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Triethylamine and HC1 were added to a APHE solution so that compositions of 
similar pH, with and without HC1 could be studied. The addition of these reagents 
relative to pH is shown in figure 3-11, and reaction compositions in table 3-22. 
The dominant phases in the products are again 113 and A1PO 4-tridymite. For 
KFAL61 the results are comparable to those carried out at a similar pH using 
other amines. However some different phases are present, notably A1PO 4-5. This 
suggests that the structure directing nature of triethylamine for A1PO 4-5 [82] is 
only apparent at certain gel conditions (or pH). An unknown phase U59 (table 
3-24) which gave a poor XRPD pattern (figure 3-12) was also observed. 
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Table 3-21: Products from reaction mixture KFAL58 (1 APHE:0.92 tripropy-
lamine:67 1120) 
time/h  Temperature O 
120 140 150 
4 Am H3/TR/H2° TR>H3 
16 113 TR>H3 TR>>H3 
21 1 H3 TR>H3bc TR>>H3 
27 113 TR/H3 TR>H3 
90 H3 TR/H3 TR>H3 
atrace  amount 
bpoor  pattern 
cheated for 19 1 h 
Table 3-22: Reaction compositions for reactions KFAL59-62 
Reaction 1 molar composition pH 
APHE r   H20 HC1 
KFAL59 1 1.27 41 0.18 3.81 
KFAL60 1 0.91 40 0 6.43 
KFAL61 1 0.98 40 0 4.71 
KFAL62 1 1.32 42 1 	0.18 5.78 
0  moles of triethylamine 
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Table 3-23: Products from reaction mixtures KFAL59-62 
Time KFAL59 
HC1 added 
KFAL60 KFAL61 KFAL62 
HC1 
pH 3.81 pH 6.43 pH 4.71 pH 5.78 
Temp. / °C Temp. / °C Temp. °C Temp. °C 
150 120 150 120 150 150 
h U59 - U59C - TRb TRb 
lh U59b - Am - TR>>H3 Am 
2h - Am U59b Am TR>>H3 U59 
3h - U59 U59 Am TR>H3 - 
4h TR/114C Am U59" Am TR>H3 - 
21h H3<TRC H3  H3<TRd Am TR>H3 TR=A5ce 
60h H3>TRh H3 H3<TItd  H3 TR>>H4 - 
64h -. - - - - TR>H3 
4d H3<TR - H3<TRd - TR>>H4 A5>TR=H3 
 13d - H3 - H3 - - 11 
°U59=unknown phase, poorly defined pattern, see table 3-24 possibly H6 
btrace  amount 
epoor  XRPD pattern 
dcontains  unknown peaks 
eA5.A1p045 
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From the results of previous experiments it became clear that at a pH value of 
about 6, the APHE/amine combination was more likely to produce different micro-
porous A1PO4s, as opposed to the D'Yvoire A1PO 4s. With this in mind experiment 
KFAL63 was carried out. 
An APHE solution was prepared and dicyclohexylamine added to give a pH of 
6.53. This gave a reaction composition of: 
1 MPHE:1.33 Dicyclohexylamine:46 1120 
This was put onto bombs and heated at 150°C. 
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Table 3-24: XRPD data for U59 
20 	1 d/A 
12.2 7.25(12) 72 
17.6 5.03(6) 32 
21.4 4.152(38) 60 
24.8 3.590(28) 72 
25.1 3.548(28) 92 
27.8 3.209(23) 100 
32.2 2.780(17) 44 
35.4 2.536(14) 28 
37.9 2.374(12) 20 
Figure 3-12: XRPD pattern of U59 
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Table 3-25: Product from reaction mixtures KFAL63 
time heated/h 
1 2 3 1 42, 1 8 24 
Am Am Am U63 I Am I U63 U63 
apoorly  defined pattern, see table 3-26 
Table 3-26: XRPD data for U63 
20 d/A 1/10 
8.8 10.05(23) 46 
13.7 6.46(9) 54 
18.0 4.928(54) 46 
19.4 4.575(47) 36 
20.1 4.418(44) 32 
22.4 3.969(35) 100 
23.4 3.802(32) 29 
28.2 3.164(22) 18 
30.0 2.979(19) 29 
The product was an unknown phase (table 3-26 which gave a poor XRPD 
pattern (figure 3-13. 
KFAL64 
A reaction mixture with a pH of 6.34, similar to KFAL4 (section 3.5.2) was pre-
pared by adding DPA and HC1 to a APHE solution to give the following compo-
sition: 
1 WIN:2.11 DPA:0.84 HCl:59H20 
where DPA=dipropylamine 
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Figure 3-13: XRPD pattern of U63 
I t 
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Table 3-27: Product from reaction mixtures KFAL64 
time heated/h 
1 2 3 1 5 7 42 
U64° Am Am Am Am Am AJP04-11 
apoorly  defined pattern, see table 3-28 possibly A1PO4-21 
A1PO4-11 was the final product, but another initial phase was also found, again 
with a very poor pattern (table 3-28 and figure 3-14). 
35.3 APHE and Quaternary ammonium salts 
Two reactions were carried out using quaternary ammonium salts. The composi-
tions are summarised in table 3-29. 
The results obtained from these reactions are summarised in tables 3-30 and 
3-31. 
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Table 3-28: XRPD data for U64 
20 d/A I/Ia 
9.8 9.03(18) 43 
18.0 4.928(54) 17 
22.7 3.917(34) 52 
24.6 3.619(29) 100 
26.4 3.376(25) 22 
35.0 2.564(14) 13 
Figure 3-14: XRPD pattern of U64 
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Table 3-29: Reactions carried out using quaternary ammonium salts 
Run 
No. 
Salt molar composition 











atetramethylajmflonjurn  bromide 
6tetrapropylammonium bromide 
Table 3-30: Products from reaction mixture KFAL8 
Reaction Temperature / °C 
95 120 140 150 





bpoor  crystallinity 
These results were comparable to those in other low pH (< 1) reactions. This 
suggested that at these low pH values, the organic compound was having little 
effect on the system. 
3.5.4 APHE + Alcohols 
A number of experiments were carried out where alcohols were added to the APHE 
system (table 3-32). 
The addition of alcohols to an aqueous solution does not alter the pH and the 
results (tables 3-33 and 3-35) are very similar to those found in other low pH 
systems (section 3.3). An unknown phase (U28, table 3-36 and figure 3-16) was 
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Table 3-31: Products from reaction mixture KFAL29 
Time/hours Temperature °C 
120 130 
1 Am' H1 6 (trace) 
2 Am TRC >dH3e 
3 111 TR 
4 H3<H1<TR TR>H3=H4e 
6 H3 H4 
24 H4 H4>H3 
°Am=amorphous 
b A1PO4-H1 
CTR AlP O4tridymite 
dindicates  relative amount, determined from XRPD intensities 
ereference  [28] 
Table 3-32: Organic Compounds used in the APHE system 
Run 
No. 
[Organic Molar composition 
APHE r° H2 0 
KFAL12 glycerol 1 2 40 
KFAL28 PTOLa 1 1 50 
KFAL3O glycerol 1 40 0 
KFAL31 glycerol 1 40 0
1 	1 
apTOLpent rythrjto1 (figure 3-15) 
Chapter 3. Synthesis of AJP0 4s from a Precursor Complex 	 75 





Table 3-33: Results from reaction mixture KFAL12 
Time Heated Temperature / °C 
95 120 140 150 
4h a Hi - TR/H41  
23h - H4 H4 H4 
°not studied 
bTRAlp 04-tridymite 
found in the pentaerythritol system, but was thought to be due to contamination 
of the sample. The XRPD pattern of the sample of Hi found in KFAL12 can be 
found in table 3-33. 
In the experiments carried out in a non-aqueous glycerol/APHE system, the 
mixture remained as a viscous liquid and no precipitate was obtained. In the 
case of KFAL31 150/24 the product was a brown gel. On opening these vessels 
there was a sweet smell. There was probably some reaction between the glycerol 
and 110, leading to decomposition of the glycerol. Extended heating (KFAL31 
150/3d) gave a less viscous liquid, but no crystalline material. These systems 
were abandoned as it was thought they may produce hazardous decomposition 
products. 
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Table 3-34: XRPD data for the product of reaction KFAL12 120/4 t h and VPI-5 
KFAL12_120/4h VPL5 
20 d I/L, 20 d I/Ia 
5.4 16.36(61) 100 5.38 16.43 100 
9.4 9.41(20) 2 9.32 9.49 2 
10.8 8.19(15) 23 10.75 8.23 14 
14.4 6.15(8) 9 14.26 6.21 6 
16.1 5.51(7) 3 16.16 5.48 2 
18.0 4.92(5) 1 18.68 4.75 6 
18.7 4.75(5) 13 21.76 4.08 20 
21.8 4.077(37) sh 21.92 4.05 22 
22.0 4.040(36) 23 22.39 3.97 14 
22.6 3.934(34) 15 22.56 3.94 15 
23.7 3.754(31) 18 23.59 3.77 10 
24.5 3.633(29) 4 24.46 3.64 4 
24.9 3.576(28) 5 
26.1 3.414(26) 2 26.12 3.41 2 
27.1 3.290(24) 22 27.17 3.28 16 
28.3 3.154(22) 8 28.19 3.17 5 
29.0 3.079(21) 8 28.96 3.08 7 
29.5 3.028(20) 3 29.48 3.03 4 
30.3 2.950(19) 12 30.28 2.95 8 
30.9 2.894(18) 5 30.88 2.90 5 
32.7 2.739(16) 14 32.71 2.74 7 
34.1 2.629(12) 4 34.05 2.63 2 
35.9 2.501(13) 2 35.86 2.50 3 
38•4b 38.32 2.35 3 
a reference  [19] 
b coincides  with line from Si backing plate (section 2.4.3) 
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Table 3-35: Products from reaction mixture KFAL28 
Time/hours Temperature °C 
95 110 120 130 140 150 
1 a 
- Am  Am Hic TRe=Hlc 
1 - - Am - TR TR=Hl 
2 - Am NPC H1> 1T TR TR 
3 Am NP Hl=TR TR TR TR 
4 - NP H1>H3 H4 hi TR>H4 TR>>H4 
6 - pg TR>H3 H49 TR>H4 TR 
24 Am Am H4 U28  H4 H4>TR 
lid - - H4 H4 - - 
aflot studied 
bAmamorphous 
conly  strogest peaks visible 
dTR.AlpOtridymite 
eNP=no  precipitate 
'indicates relative amount, determined from XRPD intensity 
g  contains peaks from pentaerythritol 
hunknown, poorly defined pattern, see table 3-36, probably contamination of sam-
ple 
Table 3-36: XRPD data for U28 
20 d/A 1/10 
14.4 6.15(8) 100 
18.1 4.90(5) 82 
22.7 3.917(34) 41 
24.2 3.678(30) 24 
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Figure 3-16: XRPD pattern of U28 
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3.5.5 APHE and Silica 
As successful syntheses had been carried out on silica systems with clear solutions 
derived from hydrolysed tetraethoxysilicate (TES) ([83], and section 5.2). It was 
thought to be advantageous to combine this with the APHE system to see if a 
silicoaluminophosphate (SAPO) could be synthesised. Reaction mixtures were 
prepared from the composition 1 APHE:0.2 Si0 2 :40 1120, by the addition of TES 
to an APHE solution. This hydrolysed the TES to give a clear solution. 
The results from experiment KFAL33 (table 3-37), showed a similar pattern of 
results to those found in the APHE/water systems (e.g. KFAL23, section 3.5.1). 
Experiment KFAL36 extended the range of times and temperatures this reaction 
mixture was studied over. 
In all these sample the patterns were poor, and it is believed that amorphous 
silica was causing this. The only products were 114 and tridymite and it was 
thought that these were A1PO 4  forms. Hi and H2 were not crystallised, indicating 
that the system was disturbed by the presence of silica. 
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For explanation of abbreviations see previous tables. 
Silica Incorporation 
The XRPD pattern of H4 obtained from a APHE system was compared with the 
sample of 114 obtained from the APHE/silica systems. There was a noticeable 
amorphous hump in the silica pattern. This being the case, elemental analysis 
would not be useful to determine the framework silica content as the analysis 
would also show the amorphous silica. The only way to show this would be to 
carry out a MASNMR study. 
3.6 VPI-5 Synthesis 
The synthesis of DPA-VPI-5 reported by Davis et al. [19] was repeated here. After 
24 hours of heating a good sample of VPI-5 was obtained. Heating for longer times 
(8d) produced the microporous A1PO 4, A1PO4-11. 
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Table 3-38: Products from reaction mixture KFAL36 
time Temperature °C 
95 111 122 131 141 150 
- - - 
- Am Am 
lh - - Am- TB. TR 
2h - Am Am Am TRGTR 
3h - - Am Am TR TR 
4h - Am Am Am TR TRd 
6h - Am Am H46 TR° TR 
26h - - 114 114 H4° H4 
50h Am - - - - - 
H4 
16d MVC - - - - 
apoor  XRPD pattern 
bvery  poor XRPD pattern 
CMV metavariscite 
dheated for 5 hours 
For explanation of other abbreviations see previous tables. 
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3.7 Discussion 
3.7.1 APHE 
While the work in this chapter describes A1PO 4 synthesis using APHE, it is worth 
reviewing the properties of APHE itself. The advantages of APHE as a precursor as 
mentioned before (section 3.2) are that there is a strict control on the stoichiometry 
() of a reaction, purity of the reagent is improved and study of the reaction 
mechanism is made easier through the use of a clear solution. The cube-like 
structure (figure 3-1) does not appear to survive in solution, however APHE does 
appear to affect the species in solution. Comparison of the 31 P NMR of a APHE 
solution with that of a solution of similar pH prepared from A10 3 and H3PO4 [80, 
81] shows fewer resonances in the APHE system. In particular, resonances due to 
free PO4 are absent. The reported system also contained TMAOH however, and 
this will have had an effect on the spectrum. The fewer resonances in the APHE 
system are possibly due to either the rigid stoichiometry of the solution or perhaps 
the manner of dissociation of the cubic tetramer. The mixing of Al and P sources 
and ageing time, are important features in A1PO 4 synthesis. As no mixing of Al 
and P species took place here, equilibria built up between species are likely to be 
different in an APHE system than those obtained from other systems. 
When APHE is dissolved in water, ethanol and HO are lost from the structure 
into solution, and the HCl lowers the pH of the solution. As a solid, APHE 
is hygroscopic (water replaces EtOH) loses HCl to the atmosphere and quickly 
decomposes to amorphous A1PO 4. It must therefore be stored in a sealed container 
(A crystalline hydrate can also be synthesised using H 2 0 instead of EtOH as a 
solvent, this is very unstable however, and is very hygroscopic). Aqueous solutions 
of APHE remain clear on addition of base up to about pH < 2, then a gel phase 
is evident. This phase persists to around pH 8, whereupon further increases in 
pH cause the mixture to separate into two phases: a clear solution and gel which 
settles out (as also reported by Morlock et al. [80]). 
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A1PO4 Synthesis Using APHE 
The work comprised two main systems, the low pH (<1) APHE solutions, and the 
systems in which the pH of the solution has been altered by the addition of an 
amine or a quaternary ammonium hydroxide. Systems where organic compounds 
were added to a APHE solution without affecting the pH behaved in a similar way 
to systems without such additives. As the pH affects the equilibria between the 
aluminophosphate solution species, it is important to look at the role it plays in 
synthesis. 
3.7.2 VPI-5 and Hi 
As mentioned, the XRPD data for A1PO 4-Hi bears a close similarity to that of 
VPI-5. This has led to much discussion in the literature as to whether or not they 
are the same material. Before considering the results presented in this chapter, 
it is useful to review this literature regarding A1PO 4-Hi and its relationship with 
the A1PO 4 VPI-5. 
Soon after VPI-5 was first synthesised, it was noted by its discoverers (Davis 
et al.) that there was a similarity between it and Hi [84] an aluminophosphate first 
reported in 1961 by D'Yvoire [28]. However, they came to the conclusion that they 
(VPI-.5 and Hi) were in fact different materials. This was based on the thermal 
stability of the two materials. D'Yvoire reported that Hi transformed into A1PO 4-
tridymite on heating, while VPI-5 transformed into A1PO 4-8. However, D'Yvoire 
never produced a pure sample of Hi, and his best sample contained only 15% Hi, 
in a mixture, with H2 and H3, both of which have been shown to transform to 
A1PO4-tridymite on heating [29, 28]. Therefore it would have been very difficult 
to study this transformation in detail and the presence of other phases may well 
affect the way the Hi decomposes. Since the discovery of VPI-5 attempts 
have been made to repeat D'Yvoire's work eg. [85] and synthesise a pure sample of 
Hi. Various workers have concluded that they have-made H-i and that 'VPI-5 and 
Hi are the same thing [39] or that they are different [86]. The original discoverers 
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Table 3-39: Aluminophosphate Compounds Synthesised by DY voirea 









°as reported in reference [28] 
are very skeptical about these claims and believe that they are different materials 
and that as yet there is no definitive synthesis of Hi [87]. 
D'Yvoire's A1PO4 Synthesis 
The paper in which the synthesis of Hi is described [28], outlines the synthesis of 
a number of aluminophosphate phases (table 3-39). 
The system used by D'Yvoire involved the preparation of a solution of A1 203 
and phosphoric acid, and precipitation of the products by pouring this solution 
into boiling water, or by boiling the solution. Using this method, hydrates Hi 
to H3 (never pure) were synthesised along with variscite and metavariscite. On 
addition of potassium hydroxide, H4 was also synthesised. Dehydration of these 
materials gave 5 new AlPO 4compotmds A1PO4s A-E which on rehydration gave 
a further two hydrates H5 and H6. D'Yvoire noted that H4 is crystallised from 
mixtures of pH 3 and that crystallisation does not occur via an amorphous phase. 
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Is Hi the same as VPI-5 ? 
Three views which are being expressed at present are: 
VPI-5 and Hi are the same material [39, 40]. 
VPI-5 and Hi are different but similar materials [86] 
There is no evidence to suggest they are the same material, since no-one has 
yet produced a pure sample of Hi [87, 85]. 
VPI-5 and Hi are the same material 
Duncan et al. claim that their "organic free" synthesis of VPI-5 is in fact Hi [39, 
40]. Their reasons, are that their reaction system was similar to that of D'Yvoire's, 
that the missing peaks in the Hi pattern, which are present in the VPI-5 pattern, 
are due to overlap with 112, which was the main impurity in D'Yvoire's sample 
of Hi (table 3-40). They also claim that the reason D'Yvoire reports that Hi 
transforms to AlPO 4tridymite on heating, rather than A1PO 4-8 as VPI-5 does, 
was due to the amount of Hi in the heated sample. This was small and the peaks 
could well have been overlooked in favour of the much stronger A1PO 4-tridymite 
peaks which both H2 and H3 transform to [88, 28]. The reaction system used 
by Duncan et al. , is in fact notably different to that used by D'Yvoire, allowing 
criticism of the claim that it is a modification of his synthesis (Duncan et al. heat 
their reaction solution in autoclaves rather than using the precipitation methods 
described by D'Yvoire.). However, as the reaction system also produced 112, 113 
and 114 on variation in heating and composition, it is likely that the material 
produced is in fact Hi. Davis et al. claim that this material is VPI-5 [87]. 
VPI-5 and Hi are different but similar materials 
Perez et al. describe the synthesis of two different materials from amine systems 
[86]. They report that A TBA/dipentylamine system and a DPA system pro- 
duced "thermally unstable VPI-5" and a dipentyla.inine system produced both 
Chapter 3. Synthesis of AlP 0 48 from a Precursor Complex 	 85 
Table 3-40: Comparison of the XRPD pattern of H1, H2° and VPI5b 
HiI H2  
16.53 vs 1t.43 100 
8.48 vs 
8.23 w 8.23 14 




4.74 w 4.75 6 
4.09 m 4.08 20 
4.06 vs 4.05 22 
3.97 w 3.97 14 
3.93 m 3.94 15 
3.75 s 3.77 10 
3.66 S 
3.64 w 3.64 4 




3.08 s 3.08 7 
3.01 w 3.03 4 
2.944 w 2.933 vw 2.95 8 
2.875 w 2.90 5 
2.819 mw 
2.762 vw 
2.736 w 2.74 7 
2.697 mw 








2.352 w 2.35 3 
a  reference [28] 
breference  [19] 
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"thermally unstable and thermally stable VPI-5". These terms are used to de-
scribe the difference in the stability of the product in the mother liquor, a result 
noted by Davis in the original VPI-5 papers [19, 43] (DPA-VPI-5 is unstable in 
the mother liquor while TBA-VPI-5 is not). Details of the thermal stability of 
these products (produced by Perez et al. ) outside the mother liquor are not fully 
described in this paper [86]. "Thermally unstable VPI-5" was named 111 2 by Perez 
et al. as the powder pattern resembles that of Hi produced by Duncan et al. [39]. 
Perez et al. note small differences in the XRPD pattern for their Hi and VPI-5 
phases. Another difference claimed is a small difference in ratio (1 for VPI-5, 
1.1 for (P)H1). The presence of 6 coordinated Al in the double four rings of(P)H1 
is described, something which has been described by other workers (eg. [89, 90]) 
in VPI.-5. Perez et al. also note that when larger amines are used, a substantial 
amount remains in the pores of the synthesised material. As the larger amines are 
used to synthesise what they call (thermally stable) VPI-5, this is thought to be 
significant. The loss of water from six-coordinate aluminium is thought to con-
tribute to the transformation (of VPI-5) to A1PO4-8 [90]. The presence of amine 
in the pores could possibly affect this. These different materials reported by Perez 
et al. therefore are possibly the same materials with different degrees of hydration, 
which affect their thermal stability. 
3. There is no evidence to suggest they are the same material 
In many ways this is the only view which can be taken as the only way for this 
to be resolved is for a sample of Hi to be synthesised using D'Yvoire's synthesis 
technique. Indeed this is the view taken by Davis [87]. In the published pattern 
for Hi [28] there are a number of peaks which are missing, but are present in 
VPI-5. Duncan et al. claim these missing peaks are due to overlap with H2, the 
main impurity in the D'Yvoire's Hi sample. Davis points out that peaks in VPI-5 
which do not overlap with 112 are still missing from D'Yvoire's reported pattern, 
'This will be denoted (P)H1 ((Perez)Hi), here to avoid confusion. 
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noting also that other peaks of similar intensity were reported in the pattern for 
H2. Davis describes a synthesis of a material he calls 112, also using a completely 
different synthetic route from D'Yvoire [88]. These missing peaks are of very low 
intensity however and it must be remembered that in a sample containing only 
15% Hi like D'Yvoire obtained, they are likely to be missed. 
Davis has shown that there are at least two other materials with similar XRPD 
patterns to VPI-5 [87], therefore outlining that similarities in XRPD patterns are 
not sufficient evidence for claiming that Hi and VPI-5 are the same. He claims 
that this is strong evidence to suggest that there is no justification for doing so. 
He states that identification needs to encompass more than just XRPD and other 
properties of the sample must be studied as well for a proper characterisation to 
be carried out [87]. 
Thermal Stability 
Thermal stability of VPI-5 has oft been stated as a characterisation technique [85, 
86]. It is still unclear as to why samples of VPI-5 made from different amines have 
different stabilities in the mother liquor, when no amine is present in the final 
product. DPOA (Di-isopropano1amine) VPI-5 is more stable than DPA VPI-5 for 
example [85]. This may be due to defect sites in different forms of VPI-5 [90]. 
Perez et al. claim that these differences in thermal stability shows that these are 
two different materials [86]. 
It has been shown that the conversion of VPI-5 to A1PO 4-8 is due to the 
presence of water in the pore system as VPI-5 which has been dehydrated under 
vacuum, before heating, has held the VPI structure to -s600°C [91]. It is the loss 
of water at octahedral Al sites in the double four rings of the structure (figure 
3-17) [92, 93] which is thought to effect this process [90, 94]. 
Some very recent reports on thermal stability show that the structure can 
be stabilised by the presence of Buckminsterfullerene [95]. This stabilises VPI-5 
up to 1300 C . The fullerene appears to support the structure against collapse, 
presumably by a "propping" mechanism. 
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Figure 3-17: Situation of octahedral Al (All) in the VPI-5 structure' 
Cfrom reference [94] 
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3.7.3 A1P0 Synthesis from the APHE System 
The synthesis of Hi from the APHE/water system was the most interesting result 
from this system. The material synthesised here exhibits similar thermal behaviour 
to VPI-5, converting to A1PO 4-8 on heating to -iO0°C . The 'evidence for the 
defence' of VPI-5 would claim this material was not Hi, as Hi has been reported 
to produce AlP 0 4-tridymite on heating, and that it does not match the pattern 
for Hi [28]. These objections have been discussed above and it is believed that 
they are not strong enough to justify renaming the material. 
Firstly, examining the reactions which produced Hi. Hi was not produced in 
any of the APHE/amine or APHE/hydroxide reactions, nor was a good sample 
obtained at temperatures higher than i30°C , nor was it produced at times of 6 
hours or over. Conditions which promote the crystallisation of Hi are therefore low 
temperatures, for short periods of time, in reactions mixtures with initial pH < 1 
when measured at ambient temperature. Perturbing the system by addition of 
oxygenated compounds such as pentaerythritol or glycerol, or with ammonium 
salts does not affect the production of Hi. However the addition of silica (sec-
tion 3.5.5) does affect the system to the extent that the only products are poorly 
crystalline H4 and AlP 04-tridymite. It is possible that this is due to the for-
mation of aluminosilicate solution species which affect the equilibria between the 
aluminophosphate solution species. The results for reactions KFAL23, KFAL24 
and KFAL28 are summarised in figures 3-18 3-19 and 3-20. It can be seen that a 
similar pattern of results is obtained in all three reactions. The difference between 
the areas where each product appears are due to the differences in dilution of the 
APHE solutions. 
The Hi synthesised here transforms to A1PO 4-tridymite and ultimately H4 in 
the reaction mixture. These transformations in the mother liquor are markedly 
different to the solid phase transformation which VPI-5 undergoes to produce 
A1PO4-8 (eg. [44]) when heated. As these transformations are so different it 
is thought that the H1—[TR/H4/H3/ll2] process occurs through a redissolu-
tion/crystallisation process. Also it is unlikely that H4 (thought to be less dense 
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Figure 3-18: Summary of results from reaction KFAL23 
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Figure 3-19: Summary of results from reaction KFAL24 
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Figure 3-20: Summary of results from reaction KFAL28 
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than AlP 04-tridymite) would form via a solid/solid transformation from AlP 0 4-
tridymite. It is possible that the change in the composition of the solution as each 
phase is crystallised, promotes further nucleation of a different phase. 
It is believed both from reaction KFAL18 and the direct observation in the 
hot stage microscope that Hi crystallises directly from solution. Other studies on 
crystallisation of A1PO 4s from clear solutions support this view [96]. An in-situ 
XRPD study of the crystallisation of DPA-VPI-5 [90] shows VPI-5 appears after 
a very short period of time (-s13 mins) where the temperature of the solution has 
only reached 113°C . This re-enforces the view that there is no initial phase in the 
crystallisation of H1/VPI-5 and that consideration should be made to the species 
in solution as precursors for the formation of H1/VPI-5. 
This synthesis method for Hi is quite different + the amine/gel based syn-
thesis normally used for the synthesis of VPI-5 (eg. [19]). However it is similar 
to the clear solution solution synthesis reported by Duncan et al. . This suggests 
that there are perhaps two different mechanisms for the synthesis of VPI-5/H1. 
As crystallisation appears to take place directly from solution, particular atten-
tion must be paid to the aluminophosphate solution species. The nature of these 
species is pH dependant [80, 81]. H1/VPI-5 contains both octahedral and tetrahe-
dral Al, therefore a reaction mixture should be in the pH range where tetrahedral 
and octahedral aluminium are available (pH 5-8). The following quote from refer-
ence [81], about the aluminophosphate species formed in solution, is very pertinent 
in this respect. 
"Estimates of the number of Al-O-P bonds from both 31P and 
"Al NMR. spectra indicate that for aluminophosphate solutions of 
high pH (pH>6) octahedrally coordinated, pentacoordinated, and 
tetrahedrally coordinated Al nuclei are bonded primarily to only 
one phosphate ligand. This result is in contrast to acidic (pH<1.5) 
aluminophosphate solutions in which [Al(H20)6] 3 cations are 
bonded to either one or two phosphate ligands" 
Two ways of achieving this (5-8) pH range are: 
i)An acidic system with a volatile acid so that the working p11 rises with tem- 
perature (as more acid enters the gas phase), so that when a suitable pH value is 
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Table 3-41: APHE solution species and 31 P NMR assignments' 
ppm range Species 
0-5 free phosphoric acid molecules and ions 
-7 to -10 [A1(H2PO4 )] 2 
[A1(H 2PO4 ) 2 ] 
12 
-15 to -22 
[Al(H3PO4 )]3 
{(OH) 2 P[OAl(H2O) 5]2} 5 
areference  [80] 
reached, Hi will crystallise. 
ii)A system where pH modification is helped by a buffer, eg. amine. Once again 
the pH has to be suitable for the crystallisation of Hi. There may also be a tern-
plate effect in these systems. This role for the amine explains why systems using 
NH40H as a pH modifier [85], did not crystallise out VPI-5. N113 would enter the 
gas phase at higher temperatures, thereby lowering the pH. 
The 31 P spectra taken of the cooled supernatant liquid throughout the crys-
tallisation of Hi shows no change to that of an unheated solution (section 3.5.1). 
The peaks have been assigned to certain aluminophosphate species (table 3-41), 
but it should be remembered that these species are unlikely to exist at higher 
temperatures due to the pH rise mentioned above. 
The appearance of other peaks in the 9' NMR spectrum after the production 
of H4 shows that the original aluminophosphate species have now broken up and 
there is some free P0 now in solution, although in a very limited amount as this 
spectrvhas a fax weaker signal than the previous ones. 
In terms of this work, a temperature of around 120-130°C would appear to 
provide the correct solution pH to crystallise out Hi, for the concentrations of 
HCl in the reaction solutions. The appearance of 111 at higher temperatures is 
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probably the remains of Hi which has formed at a lower temperature during the 
initial heating of the reaction. 
The reaction carried out here from a clear solution prepared from psuedoboehmite 
and phosphoric acid with HCl (experiment KFAL38) gave no Hi. The governing 
factor in the preparation of this solution was the pH (-0.4). The low pH is a re-
suit of the presence of HCl and phosphoric acid. Phosphoric acid is not as volatile 
as HCl, and therefore would not give the same solution pH rise on heating. The 
Hi phase which has been reported from a clear solution such as this has been 
synthesised with a ratio of 0.8 [40], unlike the ratio of i in APHE. However,Al 
the 5 	ratio was not consistent throughout the study so this difference in Al 
ratio is not as significant. This alteration in the 	ratio means that the pH of 
the heated solution is likely to be different, and not in a suitable range for the 
crystallisation of Hi. 
It is reported [40] that if 	HF or ethanoic acid is used rather than HCl 
the products are altered and there is no Hi. This is expected as neither of these 
acids are as volatile as HC1, therefore the pH of the solution would not rise to a 
sufficient extent to provide the variety of aluminium species required to form the 
desired products. Also, these systems were not studied at the lower temperatures 
120-130° C used in this study though and as can be seen from many of the results 
(e.g. KFAL23, section 3.5.1), this temperature is very important in Hi synthesis. 
The different effects observed with different acids are unlikely to be due to the 
anion present as previous reports [80] indicate that the presence of chloride ions 
does not affect the distribution of solution complexes. It has been found that a 
low pH solution prepared from A1(NO 3 )3 (as opposed to A103) and H3PO4 does 
not affect the 31 P spectrum. 
The synthesis of other aluminophosphate molecular sieves (other than the 
D'Yvoire AlPO 4s) has proved to be problematic. This is possibly due to the 
difficulty of obtaining the correct working pH in solution. Tetrahedral Al is more 
abundant at pH ranges 5-8, and microporous A1PO4 consist of predominantly 
tetrahedral Al. Only in this pH range, do the organic additives appear to work 
as structure directors. The samples which produce other known A1PO 4 (A1PO4-5 
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Figure 3-22: Summary of results from reaction KFAL44 
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and A1PO4-11) were those in which the pH was between 6 and 7, and had been 
adjusted by the addition of HCl (KFAL59-62, table 3-42). In all these samples the 
pH had been >7 during mixing. It is possible that in these samples mixing was 
not sufficient enough to set up the normal equilibrium between the solution phase 
and gel phase, therefore some of the species existing at higher pH (>7) may still 
be present. This would explain the appearance of new phases in these samples. 
Alternatively as no sample was studied with a pH>6, containing no added HCl 
using these amines, it is more likely that initial pH values between 6 and 7 are 
required for the synthesis of A1PO 4-5 and A1PO4-11. 
As discussed above, the determining factor in the synthesis is pH and this 
explains why the addition of organic compounds which did not alter the pH did 
not alter the final products. Raising the intial pH by a small amount (pH 2-4) 
using amines, produced A1PO 4-113 (table 3-42). Hi, 112 and H4 were also absent 
from these systems (eg. KFAL44, figure 3-22). It must also be noted that these 
systems are no longer clear solutions and the presence of a gel phase removes the 
assumption that the solid is crystallised directly from solution. 
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Table 3-42: Reaction pH and Final Products 
Reaction Initial pH final products 
KFAL23 0.37 H1,H2,H3,H4,TR 
KFAL44 3.72 TR,113 
KFAL59 3.81 U59,Tlt,H3,H4b 
KFAL58 4.11 TR,H3,H2a 
KFAL45 4.37 TR,H3 
KFAL54 4.55 H3,U54 
KFAL61 4.71 TR,H3,H4a 
KFAL55 5.40 H3 (120°C) 
KFAL34 5.60 no cryst. prod. 
KFAL62 5.78 TR,U59,H3,A1PO 4-5 
KFAL64 6.34 A1PO4-11 
KFAL60 6.43 U59,TR,113 
KFAL63 6.53c U63 
KFAL42 8.92 U42 
'trace 
bpoor  XRPD pattern 
cafter  bombs were filled pH of remaining mixture was 7.74 
dpossibly  appeared earlier. 
As the pH rises further then other solution species become more likely. In highly 
basic solutions HPd4  anions are present and there is little interaction between 
them and [Al(OH) 4] anions due to coulombic interactions. The results from 
experiment KFAL6 and KFAL42 , show that systems with a high initial pH (>7) 
systems do not form the D'Yvoire AlP 0 4s and that such systems are unlikely to 
produce microporous A1PO 4 . A summary of all the results obtained and the pH 
of the initial reaction mixture can be found in table 3-42. 
Having found a link between solution species and the final product, this should 
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not be extended to all AlPO 4synthesis mechanisms. Synthesis from organic sol-
vents has taken place [18] and in many instances it has been found that the source 
of aluminium is important in determining the final products [97]. This would 
suggest some interaction of the amine with the solid Al containing phase rather 
than a totally solution phase reaction. It demonstrates that there are a range 
of mechanisms for different AlP O4and generalisation cannot be made about the 
nature of these mechanisms from study of one system. 
3.7.4 AIP04 Synthesis from Organic Solvents 
In experiments KFAL30 and KFAL31, no precipitate was obtained from a APHE 
/. glycerol solution. This is likely to be due to the absence of the hydrated alu-
minophosphate ions thought to be required for the formation of the AlP O4described. 
Aluminophosphate synthesis has been carried in predominantly non-aqueous 
systems, the A1PO 4JDF-20 being synthesised in this way in a glycol mixture [18]. 
None of the D'Yvoire A1PO 4 have been synthesised in this way, although A1PO 4-11 
and A1PO4-5 have [18]. 
3.7.5 Silica Systems 
It is thought that the addition of Si affect the species in solution, but not to the 
extent of forming SAPO materials. In the XRPD patterns of these systems there 
was always a substantial amount of amorphous material, thought to be Si0 2 . The 
products with the smallest area on the summary diagrams (figures3-18, 
3-19, and 3-20) were absent in the silica system (figure 3.5.1). A study on the in-
corporation of silica into the VPI-5 framework [87] claims that the triplecrankshaft 
chain unit which is present in VPI-5 and H2 requires octahedral Al (MCM-9, a 
material which is claimed to be a SAPO with the VPI-5 structure is thought to 
contain an amount of SAPO-11 [98].). As octahedral Al has not been reported in 
the framework of aluininosilicate sieves, it is unlikely that Si substituted Hi can be 
formed through a hydrothermal method. This does correspond with the findings 
Chapter 3. Synthesis of AlP 0 45 from a Precursor Complex 	 98 
Table 3-43: Unknown phases crystallised in this study 









here. The different pattern of products found in the silica system, could be due 
to the formation of aluminosilicate solution species which affect the equilibrium of 
the aluminophosphate species thus giving different products. Note the absence of 
Hi and H2 in KFAL36 (table 3-38). Further work on these systems would have 
to include an NMR study to determine i) the extent of Si incorporation in the 
framework and ii) the solution species. 
3.7.6 Unknown Phases 
There were 8 unknown phases produced in this study (table 3-43). Of these, 
U6a, U6b and U28 were obtained in trace quantities only and it is not thought that 
they are important materials. U42 was synthesised from a system in which the 
initial pH was high (8.92), this means that it is unlikely to be a microporous alu-
minophosphate, and is possibly a combination of products resulting from reaction 
of the phosphoric acid and the organic base. As only a few peaks were observed 
in the U54 synthesis, identification is again difficult. It is possible that this is a 
microporous A1PO4, but more likely that it is some sort of layer compound as it 
contains the characteristic high angle peak, with few peaks in the 4-20 20 range. 
U59, U63 and U64 are possibly microporous particularly U63 and U64, con- 
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sidering the pH at which the synthesis was carried out. Information currently 
available is limited and further work is required on these systems is required to 
optimise the synthesis conditions and therefore fully characterise these materials. 
3.8 Conclusions 
The water soluble aluminium phosphate APHE has the advantages of being a com-
plex of set stoichiometry, which is available in high purity as it can be crystallised 
from solution. It also provides a 'ready made' starting material for A1PO 4 syn-
thesis. By heating aqueous solutions in autoclaves, it provides an ideal route to 
aluminophosphates Hi to H4. 
The synthesis of H1/VPI-5 from this reaction system probably occurs by the 
loss of 110 from the reaction mixture in situ, raising the pH to a level where 
both octahedral and tetrahedral Al are available. This is in contrast to other 
preparations of H1/VPI-5 where amines are used in the reaction mixture to achieve 
• suitable pH. Other synthetic routes to H1/VPI-5 from clear solutions must strike 
• balance between the components so that the correct working pH is created, in 
these instances the ratio is important. 
The synthesis of other (non-D'Yvoire) phases from the APHE system, only 
occurs on the addition of structure directing compounds such as amines. As well 
as modifying the pH of the system, they also promote the crystallisation of certain 
phases. 
The transformations observed during the synthsis of AlPO 4s Hi to H4 are dif-
ferent to those occurr in the solid phase. H1/VPI-5 has been shown to convert 
to A1PO4-8 on heating, but in the mother liquor Hi converts to A1PO 4-tridymite 
and H4. Amine based synthesis produce different transformations in the synthe-
sis mixture, both H3 and A1PO 4-11 have been reported as products of extended 
heaEing of VPI-5 synthesis mixtures. This indicates that the in situ processes are 
likely to occur through a redissolution / crystallisation process rather than a solid 
phase transformation. 
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The incorporation of silica into the D'Yvoire A1PO 4s does not readily occur 
and is probably due to the lack of a Si-O-Al-Si species containing octahedral 
aluminium. 
This work shows that for the synthesis of microporous AlP 0 4s a working pH of 
around 5-8 is required. When this pH is obtained using HC1, the only products are 
the D'Yvoire A1PO 4s. If this pH is obtained using amines then the products can 
be either the D'Yvoire A1PO 4s (Hh/VPI-5 [19], 112 [29]) or other A1PO4 phases 
such as A1PO4-5. The amines are therefore not only moderating the PH,  but also 
playing a structure directing role in these systems. 
Finally, on account of the similarity in products between this system and 
D'Yvoire's, it is thought that this work lends support to the view that Hi and 
VPI-5 are identical or are at least very closely related materials. 
Chapter 4 
Aluminophosphate Synthesis Using 
Piperazine and Related Heterocyclic 
Compounds 
4.1 Introduction 
Aluminophosphate molecular sieves would appear to offer the greatest scope for 
synthesising new materials. Their synthesis has been the subject of concentrated 
study for only a relatively short period of time (section 1.1.4) compared to silica 
sieves and zeolites, and they crystallise more easily and in faster times than other 
molecular sieves. The general synthesis procedure is described in chapter 1. The 
organic additives used in this study were piperazine, morpholine, piperidine and 
homopiperazine (1,2 diazacycloheptane). 
From a survey of the literature it appeared that piperazine (figure 4-1) had 
not been used before in the synthesis of aluminophosphate molecular sieves. It 
had however been used before in Edinburgh to make the pipera.zine silicate EU-19 
[99, 100]. Piperazine has been used here to produce two novel materials, EA-5 and 
EA-6. These are produced from very similar reaction mixtures and serve as a good 
example of how sensitive aluminophosphate systems are to a number of different 
variables such as composition, temperature, ageing time and heating time. The 
structure of EA-6 has been determined by single crystal X-ray diffraction and both 
EA-5 and EA-6 have been studied by thermal analysis, MASNMR and XRPD. 
101 
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Figure 4-1: Pipera2ine 
HN NH 
Table 4-1: Reaction Compositions and Initial pH for all Piperazine Reactions 
Run no. A12 03 P 205 PIPZ H20 pH  
KFAL1a 1.00 1.53 1.00 53.80 4.6 
KFAL1b 1.00 1.18 1.00 52.53 4.3 
KFAL2a 1.00 1.18 1.03 53.15 b 
KFAL2b 1.00 1.18 1.00 52.63 -' 
KFAL2c 1.00 1.30 1.51 51.96 4.5 
KFAL41 1.00 1.17 0.99 52.56 3.2 
apH of reaction mixture prior to placing in oven. 
bpH not known, ageing time about 1 hour (includes time taken to fill reaction 
vessels). 
Piperidine used in a similar reaction mixture gave AlP 0 4-5, and morpholine 
and homopiperazine produced a new material which resembles A1PO 4-34. 
4.2 Experimental 
The reaction compositions used are shown (table 4-1) and the mixing procedures 
employed for each reaction are outlined in tables 4-2 (KFAL1) and 4-3 (KFAL2). 
Table 4-2: Experimental Procedures For Experiments KFAL1a & b 
KPALIe KPAL1b 
i.Pscudoboehmte (13.9g) and water (45.7g) were mixed together. 1.Pseudoboebmite (13.9g) and water (45.9g) were mixed together. 
2.Phosphoxic acid (28.5g) and water (20.0g) were mixed together. 2Phosphoric acid (22.1 and water (45.9g) were mixed together. 
3.These two mixtures were then combined and the pH measured. 3.These two mixtures were then combined and the pH measured. 
4.This mixture was stirred using a magnetic stirrer then (after becoming too 4.The mixture was agitated using a shaker. 
viscous) it was agitated using a shaker. 
5.Attexnpts to measure the pH were hampered by the viscosity of the mixture. 5.pH was measured every 30 minutes, the pH electrode being left in the mix- 
The meter reading took along time to stabilise, and as turning the shaker off ture for ten minutes. to allow it to stabilise before taking a reading. 
for any length of time was thought undesirable, the pH measurements should 
not be looked on as being very accurate. 
'6.0nce the pH had stabilized around 1.9 (after 4 hours) the piperazine hex- 6.0nce the pH had stabilized around 1.06 (after 3 h), the piperazine 
hexehy- 
ahydrate (18.4g) was added. The mixture was now too thick for the shaker diMe (18.6g) added. This was shaken for 5 minutes and then the pH was 
and was shaken occasionally by hand with pH measurements being taken. recorded. The pH was then recorded in the same way as above (5) agitating 
the mixture between readings. 
7-After a further 2 h 16 mins (pH=4.6) the mixture was put into a number 7-4fter a further 2 h 16 mins (pH=4.27) the mixture was put into a number 
of teflon lined bombs and TOMS and placed in an oven at 150°C. of teflon lined bombs and TOMS and placed in ovens at 120 °C and 150°C. 
'8.These bombs were removed after various times (lOh, 18h 1 40h, Sd, 41d, and 8 Bombs were removed after lh, 2h, 4h, 8h, 16h, 24k, 4d 1 Sd. Crystals were 
Old), and the crystals were recovered by washing in water and pouring off the recovered by washing in water, pouring off the supernatant liquid and then 





Table 4-8: Experimental Procedures For Experiments KFAL2a,b & c 
XFAL2a KYAL2b KPAL2c 
1.Pseudoboebmite (13.9g) and water (46.3g) were 1.Piperazine hexahydrate (18.49) was dissolved in 1 2seudoboehmite (7.88g) and water (23.59g) were 
mixed. water (46.10g). 
mixed. 
2.Phosphoric acid (21.9g) and water (20g) were 2.Phosphoxic acid (21.97g) and water (20.28g) 2.Phosphonc acid (811%, 13.79g) and water (9.98g) 
mixed. were mixed, 
were mixed. 
3.These two mixtures were then combined and Pseudoboelimite (13.87g) and the piperazine 3.These two mixtures were then combined and 
piperasine hexahydrate (19.1g) added. solution were mixed. piperesine hexehydrute (15.83g) added. 
4.This was then shaken up until the piperazine The phosphoric acid solution was added to the 4.This was then shaken up until the piperazine 
hexahydrate had dissolved. piperazine/pseudoboebmite mixture. hexaliydrate had dissolved. 
5.The mixture was then put into teflon lined 5.The mixture was then put into teflon lined 5.The mixture was then put into teflon lined 
bombs and placed in the oven at 150°C. bombs and placed in an oven at 150°C bombs and placed in an oven at 150°C 
6.These were removed after 18 hours, 44 hours and 6.These were removed after 19h,45h,8d,9d and 6.This was removed after 4d 
9 days. 46d. 
7.The crystals were recovered by washing in wa- 7.The crystals were recovered by washing the con- 7.The crystals were recovered by washing the con- 
ter and pouring off the supernatant liquid. Two tents of the bomb in water and pouring off the tents of the bomb in water and pouring off the 
different layers of solids formed. 	The top layer supernatant liquid. supernatant liquid. 
was found to be (unreacted) alumina and the bot- 
tom layer contained large diamond shaped crystals 
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4.3 Results 
4.3.1 XRPD:KFAL1 and KFAL2 
The XRPD results from all the KFAL1 and KFAL2 reactions are given in table 
4-4, and the results from experiment KFAL41 can be found in section 4.5. 
KFAL1a and KFAL1b 
The product from reaction KFAL1a was crystalline, and gave a sharp XRPD 
pattern (figure 4-2, table 4-5). The morphology was of plates which formed 
aggregates (figure 4-3). This product was not found in the literature and was 
named EA-5 (Edinburgh Aluminophosphate number 5). 
KFAL1a KFAL1b KFAL2a KFAL2b KFAL2c 
150°C 120°C 150°C 1150 150 150 
EA-5(16h)' EA-5"(8h) EA-5(2h) EA-5( 18h)f EA-5+EA-6(19h) EA-69(4d) 
EA-5( 16h)" EA-5( 16h) EA-5(4h) EA-5>EA-6(44h) EA-6>EA-5(45h) 
EA-5( 18h)k  EA-5(25h) EA-5(8h) EA-5+EA-6(9d) EA-6>EA-5(8d) 
EA-5(40h) EA-5(4d) EA-5(16h) EA-6>EA-5(9d) 
EA-5(5d) EA-5(24h) EA-6>EA-5(46d) 
EA-5(41d) EA6d>eEA5(4d) 
EA-5(61d)  EA-6>EA-5(8d)  
*time heated, bheated  in TOM, c TOM burst, dorjy  first peak visible, e > indicates 
relative amounts from peak intensity (N.B. as crystals were of well defined shape, 
orientation effects (section 2.4.3) were extremely prominent, making it difficult 
to tell from relative intensities which product was more dominant. Only where 
there was an extremely large difference between the two was this highlighted in 
the table.), 1 poor crystallinity, 9no EA-5 observed in XRPD pattern (MASNMR 
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Table 4-5: XRPD data from EA-5 
20 1/10 
9.49 9.40 100 
10.60 8.34 15 1 
11.05 8.01 14 0.5 
11.40 7.76 13 2 
12.20 7.25 12 1 
12.95 6.83(11 2 
13.95 6.348(90) 1 
14.85 5.966(80) 4 
15.30 5.79(75) 3 
16.90 5.24662 3 
17.40 5.097 58 14 
18.50 4.796 51 29 
19.45 4.564 46 3 
19.85 4.473 45 5 
20.50 4.33242 3 
21.40 4.152 38 23 
22.35 3.978 35 4 
23.40 3.802 32 5 
23.95 3.71631 6 
24.80 3.590 28 13 
25.40 3.507 27 12 
26.20 3.401 26 9 
28.00 3.187 22 10 
28.30 3.154 22 10 
29.50 3.028 20 0.5 
29.90 2.988 20 0.5 
30.50 2.931 19 1 
30.95 2.88918 1 
31.50 2.840 18 3 
32.15 2.784 17 2 
33.25 2.695 16 3 
33.95 2.641 15 1 
35.00 2.564 14 1 
35.40 2.536 14 2 
37.15 2.42013 1 
37.55 3.395 12 4 
38.15 2.359 12 1 
39.15 2.301 11 1 
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Figure 4-3: SEM of EA-5 
200 1m 
In KFAL1b a different amount of P 2 05 was used. The ageing time was also 
different. The yardstick for this time was the stabilisation of the PH,  therefore 
once this had occurred, the mixture was put into bombs and placed in the oven. 
As mentioned (table 4-2) pH measurement was a problem. As a result of this, 
KFAL1b was aged for 3 hours compared to 4 hours for KFAL1a. These slight 
alterations affected the products from the reaction. Instead of pure EA-5, EA-6 
(vide infra) was also present, which increased in amount as the reaction progressed. 
This sequence can be seen clearly in the XRPD patterns (figure 4-4). EA-6 starts 
to appear after about 25 hours of heating at 150'C . It does not appear however 
at 120°C , even after heating for 4 days. 
KFAL2a, KFAL2b and KFAL2c 
The product of reaction KFAL2a (18h) contained EA-5, but the product from 
reaction KFAL2a (44h and 9d) settled into two layers in the flask when slurried 
in water. The top layer was found to be (unreacted) alumina by XRPD and the 
bottom layer contained large diamond shaped crystals (figures 4-5 and 4-6) along 
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Figure 4-4: Reaction KFAL1b XRPD patterns showing growth of EA-6 after 
initial production of EA-5 
EA-6 
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Figure 4-5: Scanning electron micrograph of EA-6 
100 jim 
with some other material. This layer gave a pattern which included EA-5 lines 
along with another novel phase (figure 4-9). This novel phase was named EA-
6. The diamond shaped crystals were up to 4001im in length and were studied 
successfully by single crystal X-ray diffraction (section 4.4). 
In reaction KFAL2b the piperazine was added as a solution to the mixture in 
order to aid mixing. This resulted in an earlier appearance of EA-6 than found in 
K FAL2a. 
In order to produce a pure EA-6 sample, experiment KFAL2c was carried out. 
As the ageing time was thought to be the key variable, in reaction KFAL2c this 
time (which included the time for preparation and filling of the reaction bombs), 
was kept at a minimum (r30 minutes). An excess of piperazine was also used. 
After heating for 4 days, this produced the best sample of EA-6. It was purified 
further by agitating a mixture of crystals in water in an ultrasonic bath and 
drawing off the suspended material. The EA-6 crystals, being larger than the EA-
5 crystals, remained on the bottom. The crystals were dried in an oven at 95°C 
The XRPD pattern obtained from this sample is shown (figure 4-7, table 4-6). 
Note that there is a large difference in intensities between the simulated and actual 
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Figure 4-6: Optical micrograph of EA-6 
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Figure 4-7: XRPD pattern for EA-6 
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patterns. This is due to orientation effects described in section 2.4.3. A feature 
of this synthesis was that the EA-6 crystals formed aggregates, something which 
was not prevalent in reactions KFAL2a and KFAL2b (figure 4-8). This suggests 
that the reaction conditions in KFAL2c were very favourable for the formation of 
EA-6. 
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Table 4-6: XRPD data from EA-6 compared to simulated pattern obtained from 
single crystal data 
KFAL2c_150/4d EA-6 Simulated Pattern 
20  I/Li 29 d IlL 
9.90 8.93(18' 100 10.02 8.8289 100 
15.70 5.64 7 5 15.94 5.5590 98 
16.15 5.48 7 16 16.37 5.4150 76 
18.30 4.845 16 18.53 4.7880 98 
18.90 4.70 5 2 18.68 4.7491 26 
19.19 4.6246 14 
19.90 4.462(44) 13 20.11 4.4144 10 
20.65 4.3021 2 
21.55 4.124(38) 16 21.82 4.0722 98 
22.78 3.9040 3 
23.70 3.75431 13 23.98 3.7116 36 
24.10 3.693 30 1 24.43 3.6441 13 
25.00 3.562 28 23 25.27 3.5237 65 
25.70 3.46627 1 25.44 3.5012 1 
26.00 3.427 26 4 25.99 3.4280 24 
26.35 3.382 25 3 26.26 3.3940 16 
26.65 3.3449 18 
27.40 3.25523 0.3 27.66 3.2244 3 
27.70 3.220 23 0.6 27.92 3.1955 5 
28.20 3.164 22 9 28.50 3.1322 53 
29.00 3.079 21 17 29.27 3.0507 87 
29.40 3.038 20 4 29.71 3.0072 12 
29.72 3.0062 14 
30.10 2.969(19) 1 30.37 2.9430 2 
31.11 2.8744 18 
31.40 2.8490 1 
31.90 2.805(17) 0.6 32.17 2.7825 7 
32.20 2.7795 17 
33.00 2.71416 1 33.35 2.6864 17 
33.60 2.667 15 5 33.91 2.6434 14 
34.40 2.607 15 2 34.19 2.6225 1 
34.79 2.5786 1 
34.65 2.589(14) 2 34.82 2.5765 10 
35.04 2.5605 4 
35.90 2.501(13) 0.6 
36.26 2.4773 4 
36.60 2.455(13) 4 36.98 2.4310 18 
37.25 2.4136 1 
37.50 2.398(12) 0.6 37.57 2.3940 1 
37.89 2.3746 19 
38.61 2.3318 5 
38.71 2.3258 5 
39.00 2.309(11) 1 38.95 2.3123 1 
39.32 2.2912 7 
' -71OF 
Figure 4-9: XRPD Pattern of Reaction KFAL2a 150/44h 
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Figure 4-8: Optical micrograph of the product from KFAL2c 150/4d showing 
aggregates of EA-6 crystals 
I 
I 	I 	I 	I 	I 	I 	I 	I 	I 	I 	I 	I 	I 	1 	I 
4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 
Degrees 20 
Chapter 4. Aluminophosphate Synthesis using Piperazine etc. 	 115 








0 100 200 300 400 500 600 700 800 900 
Temperature/ 0 C 
4.3.2 Thermal Analysis 
Thermal analysis was carried out on the Stanton Redcroft 770 machine, using the 
method described (section 2.4.5). Samples were dried at 95°C then equilibrated 
over a saturated solution of NaCl. Analysis was carried out to different maximum 
temperatures, and the products examined by XRPD. 
The TG traces are shown (figures 4-10 and 4-11) and the data summarised in 
Table 4-7: Thermal Analysis Data from EA-5 and EA-6 
EA-5 I 	EA-6 





atotal weight loss after heating to 900 0 C . 
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table 4-7. Note that the water content of EA-5 is about 16%, while in EA-6 it is 
virtually nil. The water loss in EA-5 is reversible, a sample heated to 112° C and 
held for 50 minutes at this temperature regained the lost water with no effect on 
the structure (from XRPD). Both samples were black (carbon still present) when 
removed after heating to 900° C and the structure was destroyed. Analyses were 
also carried out by heating samples to 400 0 C and 500° C and the XRPD pattern 
obtained from these samples are shown (figures 4-12 and 4-13). In both instances 
the structure is still present at 400°C but is destroyed after 500°C . In the case 
of KFAL2a (44h) however, the EA-6 collapsed at 400° C , leaving the remaining 
EA-5 which then collapsed at 500° C . A possible reason for this is that piperazine 
is more tightly held in the structure and the sample was not ground sufficiently 
for it to be easily removed. In the case of EA-5 a trace of A1PO 4-tridymite can be 
seen after structural collapse. This may be due to a decomposition of the EA-5 
or transformation of unreacted pseudoboehmite starting material which may still 
be present. This collapse occurs at the point when the piperazine decomposes. 
This indicates that the piperazine is acting as a structure support or scaffold to 
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the structure and that there will be problems in trying to utilise any microporous 
properties either material may have. 
If it is assumed that all the remaining material is purely A1PO 4, the maximum 
possible weight loss from EA-5 is is 23% and from EA-6 is 33% (see elemental 
analysis, section 4.3.3). These are consistent with the TG data as some carbon 
remained in both samples and both theoretical weight losses are slightly larger 
than the actual weight loss. The higher temperature for the removal of piperazine 
from EA-5 (table 4-7) is also consistent with the collapse of the EA-6 structure 
at a lower temperature than EA-5. 
I 
Chapter 4. Aluminophosphate Synthesis using Piperazine etc. 	 118 
Figure 4-12: XRPD Pattern of EA-5 after TGA to different temperatures 
Maximum 
Temperature 
r 	I 	I 	I 	I 	J 	I 	I 	I 	I 	y 	1 I 	! 	I 	
I- 
4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 
Degrees 20 
Chapter 4. Al uminophosphate Synthesis using Piperazine etc. 	 119 
Figure 4-13: XRPD Pattern of EA-6 after TGA to different temperatures 
Maximum 
Temperature 
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Table 4-8: Composition of EA-5 from Elemental Analysis 
Element % Present Ratio 
Al 16.88 1.00 
P 19.08 0.98 
C 11.61 1.54 
N 6.63 0.76 
H 3.44 5.45 
0 42.36° 4.23 
thy difference, on the assumption that all remaining material is oxygen, it is prob-
able that there is less 0 than this due to impurities in the sample. 
4.3.3 Elemental Analysis 
Elemental analysis of EA-5 gave the result shown in table 4-8. Allowing for a 
water content of 14(±2)%, this gives a formula of A1PO4[PIPZ]o.3s 1.4(±0.2)H20. 
The result of elemental analysis of EA-6 is shown in table 4-9, and gives a compo-
sition of Ai2P 2 . 08012 C4 .1H16.16N1.g8. This compares well with the unit cell composi-
tion of Al2P2010C4H14N2 determined from the single crystal analysis. The excess 
of H and 0 in the analysis, is perhaps due to the presence of some water in the 
sample, although TG analysis showed very little water. A higher oxygen content 
in the elemental analysis is expected as this value was determined by difference. 
The unit cell composition gives a formula of [Al 2(OH) 2 (PO4) 2] 2 PIPZ2 , where 
both nitrogens on the piperazine are protonated. 
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Table 4-9: Composition of EA-6 from Elemental Analysis 
Element % Present Ratio0 
Al 13.4 1.00 
P 16.1 1.04 
C 12.12 2.05 
N 7.09 0.99 
H 3.98 8.08 
0 47 .31' 6.01 
osample  analysed contained -'3% EA-5, determined from 27A1 MASNMH. signal, 
ratio has been adjusted to take account of this. 
bby  difference, on the assumption that all remaining material is oxygen, it is prob-
able that there is less 0 than this due to impurities in the sample. 
4.3.4 MASNMR 
31 P and 27A1 MASNMR was carried out on KFAL2b 150/8d, KFAL1a 150/41d and 
KFAL2c 150/4d1 . A summary of the values for the chemical shift is given in tables 
4-10 to 4-12). The spectra obtained for KFAL1a and KFAL2c are shown (figures 
4-14 and 4-15). Peaks corresponding to EA-5 and EA-6 have been assigned. Note 
that there is only one Al site in EA-6 although it appears to give rise to two 
peaks. This is due to quadrupolar coupling (section 4.6). 
Two different KFAL1b samples were also studied (KFAL1b 150/24h and 150/4d) 
and clearly show the difference in the relative intensities of the EA-5 and EA-6 
peaks as more EA-6 is produced over time (figure 4-16). 
'Experimental conditions can be found in appendix C 
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Figure 4-14: MASNMR Patterns of KFAL1a 150/41d (EA-5) 
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Figure 4-15: MASNMR Patterns of KFAL2c 150/4d (EA-6) 
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Table 4-10: MASNMR Results for KFAL1 150/41d 
Nuclei Chemical shift(6)/ppm Assignment 
31 P -22.0 EA-5, tetrahedral PO 4 
27 A1 39.2 EA-5, tetrahedral A10 4 
Table 4-11: MASNMR Results for KFAL2b 150/8d [70% EA-6, 30% EA-5] 
Nuclei Chemical shift(S)/ppm Assignment 
31 p -21.8 tetrahedral PO4 
-9.4 tetrahedral PO4 
27A1 25.8a EA-6, pentacoordinated A10 3(OH) 2 
38.8 EA-5, tetrahedral A10 4 
°see section 4.6.3 
Table 4-12: MASNMR Results for KFAL2c 150/4d [97% EA-6, 3% EA-5] 
Nuclei Chemical shift (5)/ppm Assignment 
31 P -20.6 tetrahedral PO 4 
-8.6 tetrahedral PO 4 
27A1 25.8a EA-6, pentacoordinated A10 3(OH) 2 
39.2 EA-5, tetrahedral A10 4 
a see  section 4.6.3 
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Figure 4-16: Comparison of the 31 P MASNMR spectra of KFAL1b 150/24h 
(bottom) and KFAL1b 150/4d (top) 
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4.4 Single Crystal Study 
Crystals of EA-6 were large enough for a single crystal study to be done. This 
was carried out by Dr A.J.Blake who also analysed the results. The experimental 
details and crystallographic data can be found in appendix B. 
The structure was determined and showed EA-6 to be a layer structure, in 
which aluminophosphate sheets consisting of 5 coordinate aluminium (A10 3(OH)2) 
and 4 coordinate phosphorus (PO 4) are linked through H-bonding by piperazine. 
Each Al atom is linked to two other Al atoms by -OH bridging groups in a 
"chain" which runs through the sheet (figure 4-17). Each Al is also linked to three 
P through Al-0-P bonds. If the Al is described as a distorted trigonal bipyramid, 
then the axial positions contain the (OH)-Al groups and the equatorial positions 
the 0-P groups. Each P is linked to three Al groups via P-0-A1 bonds and one 
piperazine via P-0-H-N linkages (figure 4-18). Each piperazine (diprotonated) is 
linked to four P via N-H-O-P linkages at each of the N-H bonds. 
Chapter 4. Aluminophosphate Synthesis using Piperazine etc. 	 127 
Figure 4-17: Aluminophosphate sheet of EA-6 
Al 	° H 
•P ON 
100 ec 
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4.5 Experiment KFAL41-Temperature and Time 
Dependence 
The same reaction mixture was heated at different times and temperatures in the 
TOMS to investigate the effect of variation in heating time and temperature was 
on the system. 
4.5.1 Synthesis 
The following procedure was used in the preparation of reaction mixture KFAL41: 
Pseudoboehmite (13.98g) and water (20.42g) were mixed. 
Phosphoric acid (85%, 22.00g) and water (20.42g) were mixed. 
Piperazine hexahydrate (18.52g) and water (23.97g) were mixed. 
These three mixtures were mixed together in the order, pseudoboehmite into 
phosphoric acid into piperazine. 
The mixture was put into TOMS 2  and heated at a variety of temperatures 
(table 4-13). The time from mixing to heating was two hours, as TOMS take 
longer to fill. 
4.5.2 Results 
The results from reaction KFAL41 show EA-5 or an amorphous product in all 
cases (table 4-13). In most instances the crystallinity determined by XRPD was 
poor. There is clearly some irreproducibility in these results, which may be due 
to insufficient mixing of the reaction mixture. 
295°C reactions carried out in Parr bombs (section 2.1.2) 
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Table 4-13: Products from Reaction Mixture KFAL41 
Time Heated Reaction Temperature / °C 
95 110 120 130 140 
2h flSa ns ns Am' Am 
20h ns ns EA-5c EA-5 EA-5d  
25h ns ns Am EA-5e EA-5e 
49h ns ns EA-5e EA-5 EA-5e 
4d ns EA-5 EA -5d EA-5e EA-5e 
8d ns Am EA-5' EA-5' EA-5d  
lOOd EA-51 ns ns ns ns 
°ns=not studied 
bAm ....amorphous 
'EA-5 see text 
dpoor  sample 
every  poor sample 
1 1n this particular sample the product consisted of a large aggregate of crystals 
surrounded by a lot of amorphous material. This looked as though there was only 
one nucleation site on a particular point on the internal surface of the PTFE liner. 
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4.6 Discussion 
4.6.1 EA-5 and EA-6 Synthesis 
The main questions which arise from these syntheses are: what conditions direct 
the production of EA-5 over EA-6 in certain reactions, and which give the reverse 
in others? It is useful to examine the two extremes in the sequence, KFAL1a 
and KFAL2c, which give exclusively EA-5 (in the case of KFAL1a) and almost 
exclusively EA-6 (in the case of KFAL2c). 
In KFAL1a there is an excess of P 205 over piperazine, and in KFAL2c there 
is an excess of piperazine over P 2 05 . This is not apparent from the pH of the 
starting mixture (table 4-1), but it must be borne in mind that there was an 
ageing time of 4 hours in KFAL1a while in KFAL2c it was only 30 minutes. It is 
expected that the initial pH of KFAL2c would have risen if ageing was extended. 
Therefore it is thought that . > 1 favours production of EA-5, and < 1PIPZ PIFZ
favours production of EA-6. Increased ageing time would also appear to favour 
the production of EA-5. It is possible that precursors formed during this ageing 
period are crucial to the crystallisation of EA-5. The pH of the mixture prior 
to heating, although important, may not be the overriding factor. The absence 
of EA-6 in the low temperature synthesis (KFAL41, section 4-13) suggests that 
these precursor formation processes can still occur up to 140° C , under conditions 
in which EA-6 does not nucleate. The temperature is still high enough in these 
instances to allow the crystallisation (albeit poor) of EA-5 itself. As the samples 
of EA-5 obtained at lower temperatures were all of poor crystallinity it appears 
that higher temperatures are required for satisfactory crystallisation of EA-5. 
The mixture of products obtained in some syntheses is believed to be a result 
of the change of composition of the reaction due to the crystallisation of each 
phase. Experiment KFAL1b shows that the appearance of EA-6 would seem to 
represent a halt in production of EA-5. This may be due to a change in the overall 
composition of species in solution as EA-5 crystallises out. ie . as EA-5 crystallises 
Chapter 4. Aluminophosphate Synthesis using Piperazine etc. 	 132 
Table 4-14: Factors Affecting the crystallisation of EA-5 and EA-6 
Factor Promotes Crystallisation 
EA-5 EA-6 
T<150°C Y N 
ageing Y N 
Y N 
PEPZ N Y 
the PIPZ  ratio of the remaining mixture increases as EA-5 is 
Pk°Z  =0 38 When Al+P 
this ratio reaches a certain level, EA-6 starts to form ( PIPZ  -1). This would keep A1+P - 
the PIPZ  ratio constant, and if EA-6 forms quickly and uses all the available 
nutrients from solution then the production of EA-5 will slow down or stop. Once 
EA-5 crystallises however, it is stable in the reaction mixture (KFAL1 150/61d 
still contained EA-5) and does not redissolve. The appearance of EA-6 in the 
products is not therefore a result of a transformation from EA-5 to EA-6. The 
factors affecting these synthesis are summarised in table 4-14. 
4.6.2 Structure 
EA-6 
Aluminophosphates normally consist of A10 4 and PO4 tetrahedra. There are many 
examples of this: dense phases (e.g. berlinite, the A1PO 4 analogue of quartz) and 
microporous structures (eg. A1PO4-11). There has recently been some interest 
in aluminophosphate layer structures, materials on which there had previously 
been very little reported work [101, 38, 102-105]. It is probable that these were 
not the intended products, as in this case, but are a result of attempts to syn-
thesise novel microporous A1PO 4s. It is interesting to note that all these layer 
structures result from the addition of a dibasic amine to the reaction mixture, al-
though dibasic amines do not produce only layer structures. While no monobasic 
amines have been used to make layer structures, dibasic amines have been used in 
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microporous A1PO4 synthesis, e.g. Dimethylpiperazine (A1PO 4-5 and A1PO 4-21), 
1 ,2-diaminoethane (A1PO 4- 12), ethylene urea (AlP 0 4-12) tetramethylethylene di-
amine (A1PO 4-21) and tetramethyipropylene diamine (A1PO4-21) . This layer 
structure from the piperazine/aluminophosphate system is similar to the result 
from the silica/aluminophosphate system which gives EU-19 (a layered silicate). 
In contrast to EA-6 however the silicate layers in EU-19 are linked through the 
nitrogens at either end of the molecule [100]. In EA-6 each nitrogen is linked to 
two layers. 
An interesting feature of the structure of EA-6 is the 5 coordinate aluminium. 
This is quite an unusual feature, though by no means is it unique: natural and syn-
thetic aluminophosphates have been reported as having 5 coordinate Aluminium 
(table 4-15). Andalusite [107], grandidierite [108] and yoderite [109] are dense 
phases, while senegalite [110] and augelite [111] contain Al(OH)302. Of the mi-
croporous AlPO 4s, A1PO4-17, A1PO4-18 and A1PO 4-21 contain 5 coordinate Al 
although the 5-coordinate Al in A1PO 4-18 comes from an interaction with the 
tetraethyl ammonium ion used in the synthesis [112] and the Al reverts to 4 coor-
dination after calcination. 
The pentacoordinated Al in EA-6 is unusual in that it is A103(OH)2 (table 
4-15), this difference is highlighted again in the MASNMR (section 4.6.3). 
In the structure of EA-6, the layers are linked through both N positions on the 
piperazine. It was thought that it may be possible to produce a layer structure 
using a monobasic amine (figure 4-19). However, the substitution of piperidine 
(figure 4-20) into the reaction mixture gave A1PO4-5 (section 4.6.5). 
The bond lengths found (see appendix 2) compare with those in the literature 
for tetrahedral P and pentacoordinate Al. As expected Al-O bonds are longer in 
pentacoordinated Al than in tetrahedral Al. The structure determination gives 
Al-0(H) lengths of 1.863A and 1.857A, which compare with those found for pen- 
3 in this case the tetramethylpropylene diamine is thought to split into two dimethyl 
ammonium fragments and one propyl[106, 82] 
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Table 4-15: Examples of Penta-coordinated aluminium in Aluminophosphate 
Materials 
Type of Material Name Al environment Refs. 
Natural Andalusite A105  
Grandidierite A105  
Yoderite A105 [108] 
Senegalite Al(OH)302  
Augelite Al(OH)302  
Synthetic A1PO4-18 A104(TEA)  
A1PO 4-21 A104(011) [106] 
A1PO4-CJ2 A10 5  
Layer Layered AlP 04 (11) A105 [101] 
Figure 4-19: a) Simplified diagram showing how piperazine links the alu- 









piperidine 	N 	 ? 
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Aluminophosphate layer 
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tacoordinate Al in A1PO 4-21 [106] 1.830-1.936A, senegalite 1.816-1.935A[110] and 
Augelite 1.864-1.983A [111]. The Al-0 distances of 1.775-1.821A also compare 
well with those found in the literature, 1.779-1.889A (A1PO 4- 21) [106] and 1.788-
1.870A(senegalite). The P-0 bonds are normal for tetrahedrally coordinated PO4. 
Values of 1.511-1.536A, comparing well with those for A1PO 4-15 (1.510-1.546A) 
[114] for instance. 
EA-5 
In the absence of a large EA-5 crystal for single crystal analysis, the XRPD, ther-
mal analysis, elemental analysis and MASNMR data must be used to elucidate 
some of the likely structural features of EA-5. Initially it was thought that EA-5 
was probably a layer material by virtue of the large initial peak in the XRPD 
pattern whichoften a feature of layered materials (c.f. EA-6, EU-19 [99], maga-
diite [115]). However, this is not always the case, (e.g. VPI-5 [19], a microporous 
A1PO4  shows such a peak in the XRPD pattern.). It does exhibit reversible water 
loss, although the structure collapses to amorphous A1PO 4 on calcination. The 
elemental analysis is consistent with a framework structure (=1) and the MAS-
NMR is consistent with tetrahedral A10 4 and PO4. 
Therefore from the above, the most likely structure for EA-5 is a framework 
or layered AlPO 4which is supported by piperaine. The collapse of the EA-5 
structure on calcination does not remove the possibility that it is a framework 
A1PO4 . Other examples of such behaviour have been reported [116]. 
If in fact EA-5 is a framework material, this would not be unique. The com-
bination of a three dimensional structure and layer structure formed from an alu-
minophosphate system using the same organic additive is not unknown, examples 
of similar systems were reported at the 9th IZC meeting in Montreal, by Cheetham 
et al. [116]. 
Ethylenediamine has also been found to give two different types structures. 
Wang Tielli et al. synthesised a layer material with fj = 2 [102] while Riou 
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et al. produced a framework aluminophosphate with f = 4 [103]. These syn-
theses differed in composition ratios, temperature and time heated. 
4.6.3 MASNMR 
I would like to acknowledge the work done by Dr Bodo Zibrowius (University of 
Manchester Institute of Science and Technology) with regard to the analysis of 
MASNMR results. 
EA-6 
As mentioned (section 4.6.2), the pentacoordinated aluminium was in an unusual 
environment, and this was reflected in the MASNMR spectrum. The results are 
discussed here. For a detailed account of how they were obtained, refer to appendix 
C. 
27A1 
Both KFAL2b 150/8d and KFAL2c 150/4d were studied. The proportion of EA-5 
in each sample found (by means of lineshape fitting (appendix C) and integration) 
were 20% and 3% respectively. 
The spectra show that the contribution for the Al in EA-6 is the major com-
ponent of the signal. 
The chemical shift of 8cs25.8ppm is about 10 ppm higher than that found 
for pentacoordinated aluminium in other aluminophosphates [117-119]. This dif-
ference might be caused by the different chemical composition of the second co-
ordination sphere. Whereas the pentacoordinated aluminium atoms in A1PO 4-21 
[120] and as synthesised A1PO4-17 [121] are linked via oxygen bridges to 1 alu-
minium and four phosphorus atoms, in EA-6 they are linked to two aluminium 
and only three phosphorus atoms. Therefore, the Scs  is shifted towards the value 
for pentacoordinated aluminium in an alumina [122]. 
31 P 
The spectra of the EA-6 samples are dominated by a relatively narrow line at 
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-9.4ppm. The minor contribution at about -22ppm stems form the EA-5 present. 
The relative line intensities corroborate the concentrations of the 2 phases already 
determined from 27Al MASNMR. 
Whereas the chemical shift observed for EA-5 fits into the range usually ob-
tained for aluminophosphates [123, 681, the value of -9.4ppm for EA-6 is rather 
unusual. Again, this deviation might be caused by the different chemical compo-
sition of the coordination sphere. In most of the aluminophosphates studied in 
the literature the phosphorus is linked via oxygen to four Al Atoms giving rise 
to an exceptionally strong high field shift of about -30ppm compared with other 
ortho phosphates [124]. In EA-6, there are only 3 aluminium atoms and one OH 
group bonded to the phosphorus. The smaller number of aluminium neighbours 
should shift the line position towards that of the free phosphoric acid. Furthermore 
one has to take into account that the phosphorus is linked to pentacoordinated 
aluminium and not to tetrahedral aluminium as in many aluminophosphates stud-
ied hitherto. It is interesting to note, that for the phosphorus in as synthesised 
AlP 04-14, containing half the aluminium in pentacoordinated and octahedral envi-
ronments [125], chemical shifts of -11.2ppm, [126] and -7.5ppm [127], respectively, 
were obtained. Both values are comparable with EA-6. 
EA-5 
The figures for EA-5 compare favourably with the values expected for tetrahedral 
P (is20ppm) and tetrahedral Al (s40ppm) (table 4-10) [68]. This gives more 
credence to the claim that EA-5 possesses a framework structure. However, a 
layered structure cannot be discounted. 
4.6.4 Aluminophosphate synthesis-from other amines 
As the piperazine system successfully produced two novel A1PO 4 materials, an 
investigation using similar organic compounds in aluminophosphate synthesis was 
carried out. Piperidine, homopiperazine and morpholine (figure 4-20) were all 
studied. An aluminophosphate gel was prepared and the organic component added 
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as in experiment KFAL2c. Ageing time was kept at a minimum. All reactions were 
heated at 150°C 
4.6.5 Piperidine 
As the structure of EA-6 (section 4.6.2) contains layers of aluminophosphate ma-
terial linked by H-bonding to the same nitrogen on piperazine it was possible that 
piperidine (the 'monobasic version' of piperazine) would produce a similar effect. 
However in a similar reaction mixture (KFAL46, table 4-16), piperidine produced 
A1PO4-5 (150°C /2h, figure 4-21). This result has been previously reported in 
the literature [82]. The A1PO 4  produced was unstable in the reaction mixture 
however, no clear XRPD pattern being obtained for mixtures heated for 4h, 24h, 
24d and 47d (figure 4-21). 
47 Morpholine 
Morpholine (figure 4-20) was used in two reaction mixtures (KFAL47 and KFAL50, 
table 4-16). In KFAL47 an XRPD pattern containing only two peaks was found. 
This was probably A1PO 4  cristobalite. In KFAL50 an unknown phase, U50 (ta-
ble 4-18, figure 4-22), was produced after 2 hours, while A1PO4 cristobalite was 
produced after longer heating times (table 4-17). It is thought that the pattern 
obtained in KFAL47 was the result of the collapse of another phase produced 
earlier in the synthesis (perhaps U50). 
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Table 4-16: Reaction Compositions and Initial pH for all Piperidine, Homopiper-
azine and Morpholine Reactions 
Run no. Organic Additive A1203 P2 05 ra H20 pHb 
KFAL46 piperidine 1 1 1 50 1.61 
KFAL47 morpholine 1 1 1.4 50 2.3 
KFAL48 homopiperazine 1 1 1.4 50 5.0 
KFAL49 homopiperazine 1 1 1 50 3.6 
KFAL50 morpholine 1 1 1 50 1.9 
omoles  of organic additive 
b11 of reaction mixture prior to placing in oven 
4.8 Homopiperazine (1,2 diazacycloheptane) 
Like morpholine, homopiperazine (figure 4-20) was used in two different reaction 
mixtures (table 4-16). KFAL48 did not crystallise anything (table 4-17), but sam-
ples were not studied at short crystallisation times. KFAL49 gave an amorphous 
product, A1PO4 cristobalite and U50 (table 4-17). 
The XRPD pattern for U50 resembles that of A1PO 4-34 (CHA structure). It 
is possible that U50 contains a distorted CHA structure. 
4.9 Discussion and Conclusions 
In comparison with the piperazine system, piperidine does not produce a layered 
material. As mentioned, dibasic amines appear to be required for the crystalli-
sation of layered aluminophosphates. The A1PO 4-5 produced from the piperidine 
system was not stable in the reaction mixture, and quickly decomposed to an 
amorphous product. 
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Table 4-17: Products from piperidine, homopiperazine and morpholine contain-
ing reaction mixtures (reaction temperature 150°C ) 
KFAL46 KFAL47 KFAL48 KFAL49 KFAL50 
A1PO4-5(2h) C*b  (4h)c Ame(20h) Cal (2h) U509 (2h) 
Amf(4h) C*(20h)d Am(26h) U50(5h) C(5h) 
Am(24h) C*(4d) Am(6d) U50(9h) C(9h) 
Am(24d) C*(11d)d Am(14d) U50(22h) C(22h) 




bC* only  strongest AlPO4cristobalite peak visible - identification therefore not 
definite. 
' time heated 
dsmafl peak also visible at d=13.8A 
eAm ....amorphous 
'poor pattern, possibly containing crystalline material 
unknown phase, see figure 4-22, table 4-18 
The morpholine and homopiperazine systems produce very similar results. This 
is surprising as homopiperazine is a dibasic amine and morpholine a monobasic 
amine. In this instance it may be that rather than providing a template for the 
structure they are affecting the solution or gel species in such a fashion that the 
chemistry of both systems is very similar. KFAL47 and KFAL48 have a higher 
initial pH than KFAL49 and 50, which may explain the absence of U50 in these 
reactions. As the p11 quoted in table 4-16 is only the value obtained prior to 
heating, it is likely that a higher pH exists once these mixtures are heated. The 
results from high pH synthesis in the APHE system (section 3.5.2) show that 
framework AlP 045 are unlikely to crystallise from reaction mixtures with pH > 
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Table 4-18: XRPD data of unknown phase U50 
U50  AlPO4-34 
1  I/Jo 
9.71(21) 100 9.24-9.06 100 
6.83-6.74 4-17 
6.46(9) 12 6.28-6.22 8-15 
5.91(8) 13 5.70-5.65 5-8 
5.41(57) 57 5.55-5.47 10-23 
4.87 5 16 4.94-4.84 0-17 
4.74 5 58 4.64-4.63 0-4 
4.57 5 57 
4.40 4 12 
4.31 4 40 4.34-4.23 20-48 
4.15 4 40 
4.06 4 55 4.02-4.00 0-4 
3.99 4 66 
3.92 3 27 3.94-3.92 0-3 
3.8M 18 3.85-3.81 0-4 
3.739 31 42 
3.604 29 63 
3.562 28 57 3.54-3.48 8-16 
3.466 27 12 
3.42726 22 3.41-3.38 0-13 
3.279 24 13 
3.164 22 12 3.16-3.14 0-3 
3.038 20 13 
2.922 19 33 2.959-2.935 0-9 
2.903-2.887 14-22 
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7. In reactions KFAL49 and KFAL50, where there is a lower pH (resulting from 
the addition of less amine), more phases are produced. U50 is unstable in the 
reaction mixture and decomposed to form A1PO 4-cristobalite (KFAL50) or an 
amorphous product (KFAL49). An unusual result is the appearance of A1PO 4-
cristobalite before the appearance of U50 in KFAL49. If a transformation occurs 
from A1PO4  cristobaiite to U50, it is likely to occur through a redissolution / 
recrystallisation process, as it is not normally the case that a solid transformation 
would take place from a dense phase such as A1PO 4-cristobalite, to a less dense 
phase. However even this solution mediated transformation is unusual and an 
alternative explanation is that this may have been due to some contamination of 
the sample. 
Identification of U50 has not been achieved, and it is possible that it is a novel 
phase, possibly related to the CHA structure. Further work requires to be carried 
out on this product to establish whether or not it is a framework material. 
The stability of these materials (A1PO 4-5 and U50) in the mother liquor is in 
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contrast to EA-5 and EA-6 where the products were stable in the reaction mixture 
alter extended heating times. 
The differences between each of these systems and the pipera.zine systems show 
how the geometry of the molecules plays a large role, in A1PO 4 synthesis. Piperi-
dine, a monobasic amine does not form a layered compound. Homopiperazine, 
having a different symmetry from piperazine does not form an EA-6 type mate-
rial, but forms the unknown U50. Morpholine is different again, but shows some 
similarity to homo pipera.zine in yielding some U50. 
The study of a range of similar organic molecules has demonstrated the size 
and shape of the organic additive used in A1PO 4 synthesis, are important in deter-
mining how it will affect the final product. However these are not the only features 
which determine the final structure. Ageing time and composition are also crucial 
in determining the final products of reaction. 
In summary, EA-6 is a novel layered material with the structure determined by 
single crystal X-ray diffraction. EA-5 is an novel aluminophosphate of unknown 
structure, which is possibly a framework material. U50 is an unknown material, 
which again possibly has a framework structure. 
Chapter 5 
SILICA MOLECULAR SIEVES 
5.1 Introduction 
The properties of all-silica molecular sieves and why they are of particular interest 
have been outlined (section 1.1.3). Very few all silica structures are known (table 
1-2), with only two of these (ZSM-12 [13] and NCL-1 [129]) classified as wide pore. 
It was the aim of the work described in this chapter to investigate all silica systems 
with the goal of synthesising such a wide pore silica. The widest pore zeolite 
(aluminosilicate) structure known at present is the faujasite structure (zeolites X, 
Y and faujasite) but all silica faujasite has yet to be prepared by direct synthesis. 
Dealuminated versions of zeolite Y have been made by post synthesis treatment 
to give E ratios of 40, but these tend to contain many defects and faults in the At 
structure and are less thermally stable, due to the nature of the dealumination. 
A suitable preparative method would be of interest not only as a route to pure, 
defect free silica faujasite, but also because of the light it would shed on possible 
ways of increasing the ratio in zeolite Y based cracking catalysts - a goal long 
sought after. 
The highest Si/Al ratios obtained so far in zeolite Y synthesis have been in 
achieved using crown ethers in the reaction mixture [27]. Crown ether is the 
trivial name given to n-oxacycloalkanes [130], macrocyclic compounds consisting 
of CH2 CH2 groups linked through 0. They are especially useful for dissolving 
alkali metal cations in organic solvents. The ring complexes the cation and for 
each metal there is a suitably sized ring (figure 5-1). 
145 
Chapter 5. SILICA MOLECULAR SIEVES 
	
146 

















The faujasite structure is built up of sodalite cages (figure 1-2) connected 
through double six rings (figure 5-2). As sodalite is one of the few structures 
which can be made in an all-silica system (table 1-2), work concentrated around 
this and attempts to incorporate the sodalite cage into the more open faujasite 
-- 4.. ciu ,urure. 
Reports on the SAPO-37 system, a silicoaluminophosphate with the FAU struc-
ture, showed that this structure could be built up by using two templates [52-561. 
The tetramethylaminonium ion is contained in the sodalite cages and tetrapropy-
lammonium ion in the supercage. 
Trioxane is a heterocyclic compound (figure 5-3) [131] which is used in the 
synthesis of silica sodalite from an aqueous system [51, 421. By studying a known 
system ,then extending it to include other templates, it was hoped that more could 
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Figure 5-2: The FAU structure 
be learned about silica systems in general as well as moving towards a novel silica 
sieve. 
The study of the trioxane system with bases other than Na 2O had not been 
reported [51, 421, so initial studies were carried out on these. A novel synthesis of 
silica sodalite was carried out in a sodium free potassium system. 
Trioxane contains a dipole which is perpendicular to the plane of the molecule, 
(figure 5-4). It was envisaged, if high concentrations of trioxane were used in 
the reaction mixture, that interaction between trioxane molecules might result in 
the templating of cages containing more than one trioxane molecule, to form a 
different structure. Trioxane has the advantage of being "infinitely soluble in hot 
Figure 5-3: Trioxane 
r 0  ) 
oo 
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Figure 5-4: Dipole in trioxane 
00 
•CH 2 
water" [131] and therefore posed no problem when added to reaction mixtures in 
large amounts. This multiple occupancy of cages, however was not observed. 
Melting point tubes (section 2.1.1) were used initially to study reaction mix-
tures containing trioxane plus other organic molecules such as crown ethers, piper-
azine, tetrapropylammonium bromide and pyrrolidine. It was found that in many 
cases, the glass was eroded by the basic reaction mixture, affecting the results. 
Subsequent reactions were carried out in TOMS and bombs. 
A reaction of particular interest produced silicalite from a piperazine/trioxane 
silica system. 
Reactions were also carried out by seeding reaction mixtures with dealuminated 
zeolite Y. 
Finally, large silica sodalite crystals were grown and studied by single crystal 
X-ray diffraction. It was found that the trioxane was not ordered within the SOD 
structure. 
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5.2 Initial Investigations: Melting Point Tubes 
Melting point tubes were used for the initial study, before TOMS (section 2.1.3) 
were available. However these presented a number of problems, which are dis-
cussed. Later syntheses were carried out in PTFE lined vessels. 
As discussed before (section 2.1.1) melting point tubes have the advantage of 
being cheap and plentiful and are ideal for reactions where a clear reaction mixture 
is used, as crystallisation can be observed, directly or by optical microscopy. 
5.2.1 Experimental 
A clear reaction mixture was used to take advantage of the transparent melting 
point tubes, and such a solution was obtained using the following method. 
Base and water were weighed into a polypropylene bottle, and stirred until 
the base had dissolved. 
Tetraethylsilicate (TES) was added, the bottle sealed and the mixture stirred 
until the TES was completely hydrolysed (.-'12 hours). 
The organic additive was dissolved into the mixture by stirring or tumbling 
in a water bath at 25 °C (When experiments were carried out which differed only in 
amount of organic compound used, a large amount of silica solution was prepared 
and divided up between bottles containing different amounts of organic). 
The melting point tubes were filled, heated and emptied as described in chapter 
2 (section 2.1.1) (When the tubes were being filled the bottle which contained the 
reaction mixture was kept on a hotplate at s50 °C , to prevent the trioxane 
crystallising out of the mixture). 
It was found necessary to reduce the base level from 4M 2 0 to 2M20 to prevent 
gelation of the hydrolysed TES (HTES) which is inevitable at high ionic strengths. 
Tubes were removed from the oven when it appeared that crystallisation had 
occurred. 
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5.2.2 Trioxane Silica Sodalite 
The reaction compositions used are summarised in table 5-1. Run numbers are 
derived from GT=glass tube, S=sodalite. 
Sodium System 
As can be seen (table 5-2) the trioxane system produced sodalite, but in many 
cases (table 5-2) the layer silicate magadiite (NaSi 70i3(OH)3.3H20) was also 
found. Quartz was produced after extended heating times. A typical XRPD 
result is shown (figure 5-5) where sodalite and magadiite lines can be clearly seen 
(table 5-3). 
Magadiite alone appears in GTSONa (table 5-2) which contains no trioxane. 
It was concluded that magadiite was the default product of the reaction, which 
appeared when no structure director was present. It should be noted however, that 
the method of XRPD used is important. The high intensity lines for magadiite 
are outwith the range for the Guinier camera, and it was only those samples 
which were analysed on the diffractometer using the silicon plate (section 2.4.3) 
which show magadiite lines. This means that magadiite was probably present, 
undetected, in earlier samples (GTS3,4 and 6 at 140, 150 and 160 °C). 
The crystals of trioxane silica sodalite obtained in the sodium system appeared 
to be cubes with buffed edges (figures 5-6 and 5-7) and ranged in diameter from 
20 to 60 pm (table 5-4). These are very much larger than the cubes (ca. 5pm) 
previously reported [42]. The size of the crystals encouraged further attempts to 
grow a larger crystal suitable for a single crystal XRD study. This was achieved 
and will be discussed later (section 5.4). One result of particular interest was 
the appearance in the optical microscope of a crystal of silicalite-like morphology 
(figure 5-8). No MFI lines were apparent in the XRPD of the bulk product 
however. This crystal may be due to some contamination, as an MFI phase was 
reported in the aluminous system [42]. 
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Table 5-1: Reaction compositions for GTS reactions 
Run no. Base Template Molar composition 
M20 Si02 H20 ra 
GTSONa Na20 none 2 40 1000 0 
GTSOK K20 2 40 1000 0 
GTSOCs Cs2 0 " " 
GTS1 Na20 Trioxane 4 30 
G TS3 2 
GTS4 40 
G TS5 50 
GTS6 60 
GTS7 K20 Trioxane 1.7 " 30 
GTS8 60 
GTS9 Na2 0 Paraldehyde 2 30 
GTS1O " 60 
GTS11 K20 Trioxane 1.7 " 30 
GTS12 " " " 60 
GTS13 " 70 
GTS14 " 80 
GTS15 Cs20 Trioxane 2 " 30 
GTS16 " 60 
GTS17 " 70 
GTS18 " 80 
GTS19 SrO " 30 
GTS2O " 60 
GTS21 " 70 
GTS22 " 80 
a moles of organic template 
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Table 5-2: Results for sodium system 
Run no. Reaction Temperature / °C 
95 120 130 140 150 160 
GTSONa M° M(40d) M(22d) Am-(8d) M(8d) d 
(286d)b M(67d) M(32d) - 
M+Qe(140d) M+'Q(67d)  
GTS1 - - - S' (1d) - - 
GTS3 M+S M+S(48d) M+S(31d) Am(ld)' Am(ld) 1 S(ld) 
(218d) M+S(63d) M+S(48d) S(4d) 1 S(4d)9 S(4d) 1 
Q(75d) Q(75d) 
Q(148d) Q(148d)  
GTS4 - - - Am(ld) 1 Am(ld)' Am(1d) 
S(6d)' S(6d) S(6d) 
GTS5 Q(210d) M+S(55d) M+S(22d) Am(ld)' Am(ld) 1 Am(ld) 1 
Q+S(140d) M+S(32d) S(6d)' S(6d)9 
Q+S(355d) Q>hS(67d) 
Q(330d)  
GTS6 M+S M+S(37d) S(30d) Am(1d) Am(ld)1 S(6d)' 
(218d) S(75d) M+S(31d) S(6d) 1 S(6d) 1 
M+S(48d) 
Q(75d)  
aM=magadiite 	 bfigures  in parenthesis indicate time in oven (in days) 
cAmmorphous 	dnot studied 
eQ quartz 	 1 +=both products present 
XRD carried out on guinier camera 
"S=silica sodalite 	istudied only by optical microscopy 
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Figure 5-5: XRPD of product from reaction GTS5 130/27d 
S 
	
M 	 Mmagadiite peak 
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Figure 5-6: Optical micrograph of silica sodalite crystal 
r 
Li 
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Figure 5-7: SEM of silica sodalite crystals 
50 gm 
Figure 5-8: Evidence of silicalite 
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Table 5-3: Product from reaction GTS5 130/22d 
GTS5 130/22d Silica Sodalitea magadiiteb 
1/10 d I/Li d I/I, 
15.2(5) 60 15.56 100 
7.76(13) 7 7.77 9 
7.24 5 
6.237(87) 100 6.26 26 
5.64 4 








3.590(28) 85 3.62 100 3.626 13 
3.544 19 
3.427(26) 19 3.434 75 
3.290(24) 14 3.298 40 
3.197 11 





2.780(17) 8 2.80 17 
2.639 2 
2.599 3 
2.550(14) 19 2.56 31 
2.528 2 
3  _____ 
a reference  [51] 
breference  [115] 
Potassium Systems 
In the potassium system, silica sodalite took longer to crystallise (table 5-5) 
and kenyaite (NaSi70 13(OH)3.3H20) replaced magadiite as the default product 
(GTSOK, table 5-5). This is also a layered silicate. Magadiite was also produced 
at longer times (e.g. GTS11 140/10d, table 5-5). Potassium appears to promote 
the crystallisation of kenyaite, although it is not present in the final product. Na 
can be leached from the glass and is also an impurity in the KOH (#.i0.5%). 
One sample of silica sodalite which gave very sharp XRD lines was obtained 
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Table 5-4: Approximate sizes of crystals produced in sodium system 
r   140°C 150°C 160°C 
30' 20,1m d 30gm 
40' 40zm 401im 40tm 
SOC flXe 551im 60pm 
601  30m 40-50m 50m 
°moles of trioxane 
b after  96 h heating 
cafter  140 h heating 
dnot measured 
eflot crystalline 
(GTS14 120/78d, table 5-5). This result prompted a repeat experiment to be 
carried out in a brand new Parr bomb and in one of the TOMS to investigate if 
silica sodalite was a genuine product from a sodium free system (section 5.3.8). 
Caesium Systems 
Sodalite took a longer time to crystallise from these systems (table 5-6). Magadiite 
and kenyaite were not so prevalent in the products. This may be due to the lack 
of Na and K, although fewer samples were studied. 
Strontium Systems 
The TES would not hydrolyse in these systems, despite stirring for over a week, 
and they were not pursued further. 
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Table 5-5: Results for potassium system 
Run no. Reaction Temperature / °C 





Am(6d) K(8d) K(6d) 
 Q' (8d) 
GTS7 -° - Z48"(6d) Z48(6d) K 




















GTS14 - S(78d) A; - - - 
°M=magadiite 
bK....kenyaite 
cU unknown, probably caused by contamination from glass (see text) 
dnumber  in parenthesis indicate time in oven (in days) 
eAmamorphous 
I Q=quartz 
9 ns=not studied 
hz48zgM48 
=,<,> show relative amounts of product (from XRD intensities) 
'C=cristobalite 
k very  crystalline sample 
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Table 5-6: Results for caesium system 
Run no. Reaction Temperature / °C 
95 120 140 150 160 
GTSOCs Ama(274d) Am(43d) Am(6d) - 
Mde(425d)  
GTS15 Am(132d) Am(2d) Am(9d) Am(9d) Am(ld) 
S' (274d)  S(43d) Q9 (43d) Q(65d) 
GTS16 S(271d) S(40d) - S(40d) Am(6d) 
S (422d) 
S(1079d)  
GTS17 Se(271d) Am(6d) - - Am(6d) 
S(422d) S(40d)  Q(62d) 
GTS18 SC(271d) S(40d) - Am(6d) Am(6d) 
S(422d)  S>"Q(62d) 
a Am=amorphous 




1 S=silica sodalite 9 Q=quartz 
h,<,> show relative amounts of product (from XRD intensities) 




From this system a number of conclusions may be drawn. Firstly the order of 
crystallisation of the products. The limiting factor in the amount of silica sodaiite 
produced is the trioxane. If there is a lack of trioxane then magadiite is formed 
which then transforms into quartz. Otherwise, the silica sodalite formed is quite 
stable in the reaction mixture. Magadiite forms from the reaction mixture in the 
absence of any organic template. 
Eventually prolonged heating causes the sodalite to transform to the dense 
quartz. At lower temperatures however (table 5-2) sodalite is still present after a 
substantial amount of time. 
The results obtained in the potassium system (table 5-5) were markedly differ-
ent from those in the corresponding sodium system. In particular, silica sodalite 
was only obtained, in the same amount of time as in the sodium system, at higher 
trioxane levels or at higher temperatures. Comparison between the two systems 
clearly demonstrates the key role of sodium ions in the synthesis of sodalite, even 
though sodium ions are not found in the crystalline silica sodalite product, as 
more forcing conditions are required in the absence of sodium. The other feature 
of the potassium system is the appearance of the molecular sieve silica-ZSM-48 
at lower trioxane levels and temperatures than those which give the denser phase 
silica sodalite. In one case the same composition at the same temperature (140 
°C ) gave silica-ZSM-48 on one occasion (GTS8) and silica sodalite on another 
(GTS12). These results suggest that trioxane is by no means as strong a structure 
directing agent as would be deduced from the sodium system results, or certainly 
that the trioxane/K combination is less potent than the trioxane/Na. 
Under comparable conditions, in contrast to the sodium and potassium sys-
tems, the caesium system took longer to crystallise. In this system the reaction 
mixture was no longer a clear solution and was heated as a gel. This would hamper 
mixing in the system. 
It would appear that the layer structures magadiite and kenyaite are formed 
when trioxane is not used or not present in large enough quantities. Which of these 
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Figure 5-9: Paraldehyde 
CH 3 
H 3  C 0 CH  
is formed depends on the cation present, Na promotes the formation of magadiite 
and K, kenyaite. Cs appears to promote neither phase. The presence of both 
these phases in non Na systems could be an indication that Na ions are being 
leached out of the glass. In terms of the experiment this will have little effect on 
products from sodium systems, but could well affect the products from systems 
containing other cations. In those samples which do not contain sodium, sodalite 
takes longer to crystallise. There are two possible explanations. Firstly the extra 
time is required for some sodium to leach out of the glass melting point tube so it 
can take part in the reaction, or that sodalite crystallises in other systems, after 
extended times. To investigate whether silica sodalite could be formed in a Na-
free system, a successful reaction was carried out using ultra pure KOH (Aristar, 
BDH) in a brand new Parr bomb and TOMS to eliminate the possibility of seeding 
or contamination (section 5.3.8). 
5.2.3 Paraldehyde 
Paraldehyde is tri methylated trioxane (figure 5-9) and is an obvious step forward 
from using trioxane. However in reactions containing paraldehyde it appeared 
that the template had decomposed. The reaction mixture turned orange, and the 
tubes burst at higher temperatures (150°C ), while at the lower temperature (140 
°C ) there was no effect from the template, magadiite being produced (table 5-7). 
No further work was carried out using paraldehyde. 
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Table 5-7: Results from paraldehyde experiments, reaction temperature (140°C) 
Run no. Products 
GTS9 Magadiite(19d)a 
GTS10 Magadiite(8d) 
a  numbers in parenthesis indicate time in oven (in days). 
Figure 5-10: Pyrrolidine 
NH 
5.2.4 Pyrrolidine 
Pyrrolidine (figure 5-10) has been used to make a range of microporous materials 
[99]. Of particular interest was EU-21, thought to be a wide pore material [99]. 
This synthesis has never been successfully reproduced 80 it was thought to be 
useful to study pyrrolidine systems. The following composition (GTPY1) was 
used. 
5OPYRR : 40SiO 2 : 1000H 20 
PYRR=pyrrolidine 
This hydrolysed the TES much faster than the alkali metal hydroxides: 45 minutes 
compared to overnight (Na) or days (Cs). 
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Table 5-8: Results from pyrrolidine system 
Run no. Reaction Temperature / °C 
95 120 130 140 150 
GTPY1 nra nr nr nr Sib (lOd) 
Si(20d) 
°nr=product not recovered (see text) 
bSi silicalite 
Figure 5-11: Piperazine 
HN NH 
However, in the melting point tubes pyrrolidine was unsuccessful as it attacked 
the glass causing it to weaken and crack. Product became embedded in the walls 
of the tube and as a result very little product was obtained and what was, was 
contaminated with substances leached out of the glass. The few results obtained 
(table 5-8) show a similar product (silicalite) to those described in the literature 
[99]. 
5.2.5 Piperazine 
As piperazine (PIPZ, figure 5-11) had been used before in Edinburgh to synthesise 
new materials (EU-19 and EU-20 [99]), it was thought suitable as a test for the 
reaction vessel under the high pH regime produced from organic base systems 
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Table 5-9: Reaction mixture compositions for piperazine system 
Run no. Template Molar Composition 
r  Si02 H20 




GTPZ2 " 25/60 
GTPZ5 
GTPZ6 25/80  
amoles  of organic base/template 
(pH is higher than alkali system as the concentration of base is higher). The 
same problems experienced with pyrrolidine were also present here but not to as 
great an extent. Reaction compositions containing piperazine only, and piperazine 
and trioxane were used. These are outlined in table 5-9. The GTPZO reaction 
in particular showed that glass was a totally unsuitable reaction vessel for these 
syntheses. 
The results (table 5-10) showed that that base attacked the glass releasing Na 
(which crystallised out magadiite), while the trioxane reacted with the Si02 in 
solution to form sodalite. 
In the piperazine-only experiment (GTPZO) only magadiite and quartz were 
obtained. From the literature [99] EU-19 and ZSM-39 were expected, and this 
shows the extent results were affected by the glass. In all trioxane containing 
systems sodalite was produced. 
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Table 5-10: Results from piperazine system 
Run no. Reaction Temperature / °C 
95 120 130 140 150 
GTPZO -° Mb( 162d)' Qd(162d) Ame(29d) M(28d) 
Q(375d)  
GTPZ1 - - S1 (45d) S(30d) - 
M+S(55d) S(55d)  
GTPZ2 - S(62d) M+9 S(45d) S(163d) S(30d) 
- S(377d) S(55d) Q>>hS(63d) 
S(90d) 




GTPZ5 - S>>"M(90d) M+S(55d) M+S(45d) S(30d) 
Q(377d) M+S(55d) 
Q+S(90d)  
afls .... flot studied 
bM magadiite 
cnumbers  in parenthesis indicate time in oven (in days) 
dQ= quartz 
eAm..... orphous 
1 S=silica sodalite 
both products present 
h =, <,> etc. show relative amounts of product by XRD intensities 
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Table 5-11: Reaction compositions for 18-crown-6 reactions 
Run no. Base Template Reaction Composition 
M2 0 Si02 H20 r° 
GTCE1 Na2 0 18-crown-6 2 40 1000 30 
GTCE2 " 18-crown-6/ 
trioxane 
" " 15/15 
GTCE3 K20 18-crown-6 " 30 
GTCE4 " 18-crown-6/ 
trioxane 
" " " 15/15 
a  moles of organic template 
5.2.6 Crown Ethers 
As the highest 	ratio ( = 4 - 5) for synthetic faujasite (zeolite Y) has been At 
accomplished using crown ethers as templates [27], 	their incorporation into 
trioxane containing mixtures seemed the most obvious way to proceed. 
Two crown ethers were studied, 15-crown-5 and 18-crown-6. Both the K and 
Na systems were studied and the reaction compositions are shown (table 5-11). 
Major products were sodalite (where trioxane was present) magadiite , kenyaite 
and quartz (tables 5-12, 5-14). Kenyaite appears only in potassium systems. 
From these results it can be concluded that the crown ethers have no structure 
directing effect in these systems. The unknown U which appeared GTCE3 and 
GTCE4 (table 5-12) was thought to be a layered material. Its appearance in the 
potassium reaction GTSOK (table 5-5), showed that this was nothing to do with 
the crown ether and could well be an effect of the reaction between potassium and 
the glass. This was confirmed by further reactions where synthesis was carried out 
in PTFE vessels and none of this material was recovered. 
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Table 5-12: Results from 18-crown-6 reactions 
Run no. Reaction Temperature / °C 
95 120 130 140 150 
GTCE1 Am' Mc(61d) M(49d) Q(49d) M-j-K'(13d) 
(223d)b M(134d) M(61d) Q(61d) M(16d) 
Q(348d) Q(26d) 
Q+Mo(413d)  Q(61d) 
GTCE2 S9  M+S(46d) M+S(35d) M+S+Q(35d) M+S(lld) 
(340d) M+S+Q(46d) Q(119d) Q(36d) 
Q(89d) Q(46d) 
Q(119d) 
GTCE3 h U(105d) U(32d) K+M+U(20d) K+U(13d) 
Q(74d) Q(32d) Q(20d) 





a Am= amorphous 
bnumbers  in parenthesis indicate time in oven (in days) 
cM magadiite 
dQ quartz 
C  =both products present 
1 K=Kenyaite 
9 S=silica sodalite 
hns=not studied 
U=unknown 
Chapter 5. SILICA MOLECULAR SIEVES 
	
167 
Table 5-13: Reaction compositions for 15-crown-5 reactions 
Run no. Base Template Reaction Composition 
M2 0 Si02 H20 ra 
GTCF1 Na2 0 15-crown-5 2 40 1000 30 
GTCF2 " 15-crown-5/ 
trioxane 
" " 15/15 
GTCF3 K2 0 15-crown-5 " 30 
GTCF4 " 15-crown-5/ 
trioxane 
" 15/15 
GTCF5 " 10/40 
GTCF6 " " 1/40 
°moles of organic template 
5.2.7 Tetrapropylammonium Bromide 
Tetrapropylammonium cation is used as the template for the supercage in the 
synthesis of SAPO-37 [52]. It was therefore investigated in the trioxane system 
as a possible supercage template for silica faujasite. TPA in the silica system is a 
very strong structure director for silicalite [132] and as discussed here trioxane is 
a strong director for sodalite. Their use in a mixed system did not change their 
properties and in all cases a mixture of sodalite and silicalite was produced (table 
5-15). The reaction composition (GTPA1) can be found in table 5-16. 
5.2.8 Poly( 1, 1-dimethylenepip eridinium chloride) (PDP C) 
This compound produced some interesting results (table 5-17) as it prevented any 
crystallisation, including magadiite and quartz. As mentioned previously if there 
was no structure directing effect then magadiite would be produced. PDPC can 
therefore be referred to as a crystallisation inhibitor in that although it does not 
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Table 5-14: Results from 15-crown-5 ether system 
Run no. Reaction Temperature / °C 
95 120 130 140 150 
GTCF1 a Mb(llld)c M(32d) M(38d) Qd(lld) 
Q(82d) M(46d) M+CK/+Q(46d)  
Q(111d) M(38d) 
GTCF2 - M>9Sh(46d) M>S(35d) Q(35d) M>S(lld) 
M>S(119d) Q(89d) Q(46d) M(19d) 
M+S(276d) Q(119d) Q(22d) 
Q(304d) Q(27d) 
Q(46d) 
GTCF3 Am' Q(276d) Q(75d) M(32d) M+K(13d) 
(326d) Q(290d)  Q(164d)  
GTCF4 Am Q(200d) Q(75d) M+Q(32d) M(13d) 
Q(164d) Q(105d) 
GTCF5 - M+S(85d) Q(63d) Q(83d) - 
Q(267d)  
GTCF6 - - Q>S(267d) Q(83d) Q(85d) 
 ___________ __________ Q(267d)  
°ns=not studied 
bM magadiite 
cnumbers  in parenthesis indicate time in oven (in days) 
dQ quartz  
e+ =both products present 
1K=Kenyaite 
° =, <,> etc. show relative amounts of product by XRD intensities 
hS... silica  sodalite 
Am= amorphous 
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Table 5-15: Results from TPA/trioxane system 
GTPA1 Reaction Temperature _/ °C 
Time in days 95 130 140 150 
ii -o Eb
S
ic S+Si   S+Si S+Si 
84 - - S+Si S+Si - 
86 - S+Si - - S+Si 
91 - - S+Si - - 
298 - S+Si - - - 
305 S+Si - - - - 
afls .... flot studied 
bS silica  sodalite 
CSi.... silicalite 
itself produce anything it prevents formation of other structures. The reaction 
composition can be found in table 5-16. 
5.2.9 1-Azoniapropellane chloride (APROP) 
Melting point tubes were ideal to study this particular template as it is expensive 
and therefore can only be used in small quantities. At the time of study there 
were no reports of work done with these compounds but propellanes have since 
been used to make a new material, SSZ-26 [133]. 
Small amounts of silicalite were found in the XRPD patterns of samples crys-
tallised from the APROP reaction (GTPL1, composition table 5-16, results table 
5-17). These trace amounts compared to the large amounts of magadiite and 
kenyaite present in the 20 day reactions and the quartz in the 28 day reactions 
can be explained by the very small amount of template used in these reactions. 
The dimensions of the APROP molecule (..s7.4A in diameter) are too large for 
it to fit in a silicalite channel, although it may be possible for one to be housed 
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Table 5-16: Reaction compositions GTP01 and GTPA1 and reactions 
Run no. Base Template Reaction Composition 
M20 Si02 H20 I r° 
GTP01 Na2 0 PDPC 2 40 1000 5 
GTPL1 " APROP " " 0.8 
GTPA1 " trioxane/TPABr " " " 30/1 
omoles  of organic template 
in a junction. Another possibility is that some decomposition of the template 
has occurred and it is one of the decomposition products which is promoting the 
formation of the silicalite. 
5.2.10 Summary 
The use of melting point tubes should be limited to Na systems, and some useful 
results have been obtained. However, it was thought that the possibility of con-
tamination was too great, especially in systems using organic bases. Further ex-
periments were therefore carried out using PTFE lined vessels such as TOMS and 
bombs (section 2.1). 
5.3 PTFE Lined Vessels 
5.3.1 Experimental 
Reaction mixtures were prepared in a similar fashion to experiments carried out 
in melting point tubes. TOMS were filled using either a pasteur pipette or by 
forcing the mixture in from a syringe. These reactions all contain the prefix TT 
('teflon TOMS'). Reaction compositions are summarised in table 5-18. 
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Table 5-17: Results from PDPC and APROP systems 
Run no. Reaction Temperature / °C 
95 120 130 140 150 
GTP01 Am- Am(150d) -c - Und(42d) 
(122d)L Un(46d)  
Am(60d) 
GTPL1 Am Me(30d) M+K+Si Si+M(20d) Si1 -i-M+K(2Od) 
(115d) (20d) Qh+Sj(28d) Si+Q+M(28d) 
Q(139d) M+K+Am(34d) 
aAm=amorphous 
bnumbers  in parenthesis indicate time in oven (in days) 
C.not studied 
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Table 5-18: Reaction compositions for reactions carried out in TOMS 
Run no. Base Template Molar Composition 
M2 0 Si02 H20 r° 
TTPZO - PIPZb 0 40 1000 25 
TTPZ1 - 0 20 300 50 
TTPZ2 - PIPZ/TRC 0 20 1000 25/60 
TTLS1 Li2 0 TR 2 40 1000 60 
TTPA1 Na2 0 TR/TPABr 2 40 1000 30/1 
TTEG1 " EGd/TR 4 40 4 400/60 
TTEG2 " EG/TR/CFC 4 40 4 400/60/8 
TTPY1 - PYRR - 720 1000 1 50 	11 
°moles of organic templates 
bplpZpip erazine 
CTR...trioxane 
dEG ethylene  glycol 
CCF.15 crown 5 
5.3.2 Silica Sodalite 
It proved difficult to synthesise a sample of silica sodalite, which did not contain 
traces of magadiite, using the following composition: 
40 Si0 2 :y Na2 0:1000 H20:x trioxane 
where x=30-50, and y=2. 
in a stirred bomb. 
It was found that by increasing the base and trioxane levels (y=4 and x=100 
an excellent sample was obtained, which was free from magadiite. It was therefore 
concluded that the presence of magadiite in a sample indicated that there was 
insufficient trioxane present. 
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5.3.3 PDPC, Pyrrolidine and TPABr 
Pyrrolidine, PDPC and TPABr reactions in TOMS gave similar results to those 
found in melting point tubes (table 5-19). This indicated that the glass was not 
having as great an effect as was previously thought. 
PDPC again gave no crystalline product even after lengthy reaction times. 
5.3.4 Piperazine 
Three piperazine reactions were carried out on the TOMS and are summarised in 
table 5-18. 
TTPZO was a repeat of the reaction (GTPZO) carried out in the melting point 
tubes and yielded EU-19 (figure 5-12). This was in contrast to the result obtained 
in GTPZO (magadiite) demonstrating the effect the glass had on this system. 
EU-19 was the expected product from the literature [99]. 
TTPZ1 was carried out to test the effect of reducing the amount of water on 
the piperazine system. The reaction mixture was prepared under refiux so that 
the water of crystallisation of the piperazine could be used to form the gel. A 
sample of EU-19 was produced which gave a much sharper XRPD pattern than 
the product from experiment TTPZO (figure 5-12). 
TTPZ2 provided a very interesting result. A sample heated at 150° C for 
28 days produced silicalite. This is surprising in that the samples containing 
only piperazine or only trioxane gave different products (piperazine-EU-19 and 
trioxane-silica sodalite). This result is thought to be unique in the silica sys-
tem. Differential thermal analysis was carried out on this material and showed 
two exotherms. 
The only reported synthesis of a molecular sieve, with two organic additives 
which separately would give different products, is the silicoaluminophosphate 
SAPO-37 [52]. 
This result proved to be unrepeatable. This means that the presence of silicalite 
was possibly due to either some seeding or contamination and was therefore a 
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Table 5-19: Results from TOMS systems 
Run no. Reaction Temperature / °C 
120 130 140 150 
TTLS1 a - - Amb(3d)c 
Am+(Sdj (lid) 
Am+S1 (16d) 
TTEG1 - - - S(6d) 
S(9d) 




TTPY1 - Sif'(210d) Si1 (67d) - 
TTPZO - EU-19'(286d) - EU-19(202d) 
TTPZ1 - EU-19(58d) - - 
TTPZ2 S+Am(115d) Am(45d) Am(45d) Si* 




TTP01 Am(210d) Am(174d) Am(200d) Am(70d)  
Am( 135d) 
°ns=not studied 	bAmorphous 
cnumbers  in parenthesis show time heated (in days) 
d+ shows both products present 
eS silica  sodalite 	1poor sample 
A1l peaks split htrace  amount 
Si=silica1ite 	 EU-19 [99] 
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Figure 5-12: XRPD of products from reactions TTPZO 150/202d (top) and 
TTPZ1 150/58d (bottom 
- 	 V 
46 8fOf2l4f6i820 22242628303234363840 
Degrees 20 
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Table 5-20: Product from reaction TTPZ1 150/58d 
TTPZ1 150/58d EU19a 
1/10  1/10 
11.33(29) 54 11.43 100 
6.86(11) 1 6.900 1 
5.94(8) 3 5.977 3 
5.82(8) 10 5.821 11 
4.69549 1 5.712 1 
4.599 47 3 4.617 2 
4.462 44 15 4.465 14 
4.332 42 49 4.333 58 
4.022 36 100 4.019 64 
3.802 32 10 3.802 13 
3.648 29) 5 3.650 4 
3.616 1 
3.453(26) 18 3.435 13 
3.364(25) 16 3.352 11 
3.282 30 
3.267 23 23 3.270 33 
3.110 21 2 3.118 1 
2.988 20 7 2.986 5 
2.912 1 
2.87618) 1 2.882 2 
2.858 18) 2 2.856 3 
2.747 16 3 2.746 2 
2.691 16 2 2.690 1 
2.66715 2 2.666 2 
2.592 15 2 2.592 2 
2.501 13 11 2.499 6 
2.449 13 7 2.453 5 
2.405 12 5 2.410 3 
2.378 1 
2.344(12) 3 2.342 1 
2.302 1 
2.287(11) 2 2.285 2 
a  reference [99] 
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'rogue result', or there was some particular feature of the synthesis which directed 
the product towards silicalite. The absence of both EU-19 and sodalite in this 
sample of silicalite tend to discount seeding or contamination. In all other mixed 
template systems trioxane produced silica sodalite and there was no sodalite in the 
product of TTPZ2. An observation was made in the melting point tube systems 
where crystals of silicalite were seen under the optical microscope 5.2.2. It has 
been reported that an MFI phase was observed in the aluminous trioxane system 
[42]. There may be a small area of the phase diagram where neither sodalite or 
EU-19 is the reaction product and in this very narrow range silicalite is produced. 
Note that this system contains no sodium and Na is thought to be important in 
the crystallisation of sodalite. However, as it proved impossible to repeat these 
results no further work was carried out. 
5.3.5 Lithium System 
As the lithium/trioxane system had not been studied using the melting point tubes 
it was investigated using the TOMS. It was thought that perhaps the trioxane ring 
would complex the smaller Li ion to give different products (reaction TTLS1, 
table 5-18). This did not appear to be the case however and silica-sodalite was 
produced (table 5-19). The sample gave a very poor XRPD pattern demonstrating 
again the need for Na in the synthesis of trioxane silica sodalite. 
5.3.6 Ethylene Glycol 
Silica sodalite can be synthesised using two different templates, trioxane in aqueous 
solution [42] and a non-aqueous method using ethylene glycol as the solvent [34, 
36]. It was thought that it would be of interest to combine these two methods. 
The compositions used (TTEG1 and TTEG2) are summarised in table 5-18. The 
addition of 15-crown-5 in TTEG2 was intended to aid Na transfer to the glycol. 
As a poor XRPD pattern was obtained from TTEG2 (sodalite plus amorphous 
material), it perhaps had the reverse effect, and prevented the Na from taking 
part in the reaction. TTEG1 gave a good sodalite pattern but the peaks were 
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split. These extra peaks may be due to a slight difference in the Si-O distance 
between glycol silica sodalite and trioxane silica sodalite ie. either the product 
was a physical mixture or some cages were glycol templated with others trioxane 
templated. TTEG2 gave sodalite along with a lot of amorphous material. 
5.3.7 Seeding Experiments 
A commercial sample of super de-aluminated zeolite Y 1 (deAlY) was used to seed 
some reaction mixtures in the hope of improving the chances of crystallising zeolite 
Y. Initial experiments were carried out to determine if the deAL Y was stable in 
the reaction mixture. 
TO analysis of the deAlY determined the water content as 11%. Reactions 
were carried in the now familiar sodalite composition (2Na 2 O:40Si2 :1000H 2 0:30 
Trioxane) and varying amounts of deAlY added (table 5-21). 
Experiment YTEST6 was carried out using cab-o-sil as the silica source, and 
base, water and silica were heated at 150'C for 2 hours before addition of the 
deAlY. The deAlY did not survive in any of the reactions. 
The next step was to start with a solution of deAlY and water and slowly 
increase the concentration of Na20 until the highest base level was found at which 
the structure remained intact. This was found to be the following composition 
(SEED5): 
1Na20: 10Si02: 99511 2 0 : 60trioxane 
This gave the a diffraction pattern which showed some of the deAlY to have 
collapsed to amorphous material, but also shows some of the FAU structure 
still present (figure 5-13). 
Reaction SEED6 was then carried out with the addition of trioxane, crown 
ether and silica. However this gave no crystalline product even after 68 days heat- 
"Super Dealuininated Ultrastable Y' (hydrogen form) [VALFOR aluininosilicates, 
The PQ Corporation] 
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Table 5-21: Products from YTEST reactions 
Run no. T/°C % deAlY Time Heated Products 
YTEST1 150 3 4 days magadiite 
YTEST2 24 6 lidays amorphous 
YTEST3 150 9 4 days magadiite 
+ sodalite 
YTEST4 25 12 11 days amorphous 











ing (table 5-22). There was no trace of sodalite in the product. This is probably 
caused by the presence of aluminium in the system. As Keijsper et al. reported 
[42], "the templating action of trioxane is diminished when Al is present". 
5.3.8 Na-Free Sodalite 
In previous experiments the importance of sodium in the synthesis of sodalite has 
been discussed. An attempt was therefore made to synthesise sodalite in the 
absence of Na. This was carried out in a new Parr bomb and in TOMS using a 
high purity KOH (Aristar, BDH) 2  and ultra pure water, thereby removing as far 
as possible the contamination of sodium. The reaction (TBS1) had the following 
composition: 
1.7 K20:1032 H20:40 Si02:82 trioxane 
2 sodium impurity 500ppm [134] 
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Figure 5-13: XRPD pattern of product from SEED5 composition after heating 
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The TOMS yielded an excellent sample of silica sodalite after heating to 130° C fr 
24 days. The identical gel in the bomb did not crystallise after the same amount 
of time. This shows how the size and nature of the reaction vessel and the amount 
of reaction mixture can be instrumental in determining the final products. 
5.4 Single crystal X-ray study 
5.4.1 Synthesis 
The large crystals found in the sodium system suggested that it would be possible 
to grow crystals large enough for single crystal analysis. This was further investi-
gated by Blezzard [135] and the results of this study showed that low base levels, 
high silica and high trioxane concentrations were the requirements for the growth 
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Table 5-22: Products from SEED6 reaction at 150°C 





Figure 5-14: Method used to grow crystals from unhydrolysed tetra.ethoxysili-
cate 
NaOH/trioxaneIH 0 solution 
of large crystals. This is because such a system gives few nucleation points (due 
to the low base concentration) but still provides a plentiful supply of nutrients. 
An interesting result from this study was that it was found that a reaction 
carried out as shown in figure 5-14, gave large crystals. As the tetraethoxysilicate 
has not been hydrolysed prior to heating, the only point at which silica sodalite is 
formed is at the interface between the two liquids. This again decreases the nucle-
ation points and therefore increases the size of the crystals formed. Unfortunately, 
so many crystals grow at this point it is extremely difficult to remove them from 
the melting point tube. When carried out in PTFE vessels, this area is larger and 
crystals grown are consequently smaller. 
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The following composition was used to grow a large crystal and the reac-
tion mixture heated in a borosilicate glass tube at 150° C for 41 days. The 
tetraethoxysilicate was hydrolysed before heating, unlike the diagram shown (fig-
ure 5-14). 
2 Na2 0 :1000 H 2 0 : 100 Si0 2 : lOOTrioxane 
Crystals of up to 150pm in diameter were grown. The crystals were removed from 
the tube by cutting off the ends and shaking it in a test tube of water. This 
method of emptying the tube was employed as the previous technique of forcing 
the crystals out with a plunger tended to damage the crystals. 
5.4.2 Analysis 
As the sodalite structure as already known, the purpose of this analysis was to 
determine whether or not the trioxane was ordered within the framework. The 
analysis carried out [136] showed that the trioxane was not ordered within the 
framework. This was due to the distance between adjacent trioxane molecules be-
ing too great for one molecule to influence the position of its neighbour. However, 
it was found that the number of possible orientations of the trioxane molecule 
inside the sodalite framework could be limited to four. 
5.5 Conclusions 
Trioxane is a strong structure director for silica sodalite in the presence of sodium 
and absence of aluminium. When bases other than Na 2 0 are used the system is 
more sensitive to other factors such as reaction vessel and other organic additives. 
The production of silicalite from a trioxane piperazine system demonstrated this 
sensitivity. Silica sodalite can be formed in a sodium-free system, but takes longer 
3The author is grateful to Dr R.O.Gould and Gail Bryson for carrying out the diffrac-
tion experiment and analysing the results. 
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and again is reaction vessel sensitive. When other organic compounds, including 
crown ethers, are used with trioxane in the sodium system, there is no combined 
effect. The PDPC polymer influences the system to the extent of inhibiting crys-
tallisation. This may have a use in other systems to prevent crystallisation of 
an unwanted phase. 1-Azonia-propellane chloride or its decomposition products 
crystallise silicalite. 
This study demonstrates the difficulty involved in synthesising all-silica molec-
ular sieves. More work on this system would concentrate on non-sodium systems 
with trioxane and other templates to investigate these boundary regions between 
phases. 
The advantage of small scale synthesis is that new organic molecules can be 
studied, where cost has previously been a problem. The small scale preparation 
in TOMS provides an ideal testing ground for these, as well as eliminating as fax 
as possible the problem of seeding. 
Chapter 6 
Overall Conclusions and Future Work 
The main feature which emerges from this work is that a strong advantage can 
be gained by studying one reaction composition over a range of temperatures and 
heating times. The TOMS, by allowing small scale synthesis, mean this range of 
conditions can be studied in a relatively short period of time, and at a smaller 
cost than large scale synthesis. Conventional studies tend to be concerned with 
the final end-product rather than any transient phases, and as the synthesis of Hi 
shows, (section 3.5.1) these transient phases can be important. This particular 
system also clearly demonstrates that molecular sieves are metastable states and 
no trace of these can be found in the final product. Good synthesis methods must 
be used in order to study reactions in detail so that these transient phases can be 
examined successfully. For example, using a number of different reaction vessels 
and synthesis techniques. 
In contrast to the transient phases, it has been found that in some instances 
the crystallisation of an initial phase can sufficiently alter the composition of the 
reaction mixture so that a second (different) phase is crystallised. The initial 
phase however, is stable in the reaction, thereby forming a mixture of products. 
The production of EA-5 and EA-6 is an example of this (section 4.3). 
The study of the trioxane/silica system over a range of conditions has meant 
that the ro A io rt conditions for the synthesis of large crystals of silica sodalite were 
discovered. This (trioxane) silica system is clearly dominated by silica sodalite, 
and because of this, any future work should move away from the sodium system 
184 
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to other alkali metal hydroxide or even organic bases. It is felt that the best way 
to proceed is to study the use of dual templates in great detail. It is clear that 
the use of dual templates requires that very close attention must be paid to the 
reaction conditions. The production of silicalite from a piperazine/trioxane system 
(section 5.3.4) is a good example of this. The difficulty in reproducing this result 
is thought to be a feature of this sensitivity. 
The use of the precursor APHE, has provided a new synthetic route to a num-
ber of AlPO 4s, and has given an insight into the synthesis of A1PO 4s from clear 
solutions. An explanation has been suggested of the role of pH in aluminophos-
phate synthesis and how this pH can be made temperature dependent by the use 
of a volatile acid. It would be useful to carry out an in situ pH study of the syn-
thesis of Hi to discover the working pH of the system and compare this with the 
amine based synthesis. As APHE is a member of a family of related compounds, 
it would be interesting to see if these other potential precursors could be utilised 
in molecular sieves synthesis. 
The use of dibasic amines in A1PO 4 synthesis from a gel system can produce 
both three dimensional and layer structures, although they are much more likely to 
produce layers, something which is also true in the silica system [45]. The isolation 
of the same product (U50) from both homopiperazine and morpholine systems has 
shown that similarities in molecular geometry can also produce similar products. 
Further work on both bifunctional and structurally similar monofunctional tem-
plates should be carried out, as this would compliment work done by Gies [50] on 
the silica system. 
Finally, it is important to complete the structural characterisation of the un-
known phases produced in this work, in particular U50 (believed to be similar to 
A1PO4-34). It is also important to determine if EA-5 is a layer or three dimensional 
structure. Most phases produced in this work have been identified, including a 
single crystal study of trioxane silica sodalite and the structural determination of 
a novel phase (EA-6). 
Appendix A 
Estimation of Pressure Vessel Size 
The following calculations were used to determine the design of the new pressure 
vessels (TOMS): 
Weight of sample required=W 3 
Volume of sample required=V 3=W5 /d3 
(d3 =bulk density of the sample, normally in the range 0.3-0.9g.cm 3 ) 
If the reaction mixture contains ns02  moles of silica per n moles of water. 
Suppose this is all converted into product. 
Yield=Y=60ns,02 / (60ns102 + 1 8n )g.g 1 
So the W3 Wrm .Y 
Therefore weight of reaction mixture Wr m is 
Wr?n=w8/Y 
and required volume is 
Vrm Wrm /drm (drm= density of reaction mixture) 
Only a fraction F (=V rm /Vv)of the vessel can be filled with reaction mixture 








Vv =((Vsda/Y)/drm )/F 
Typically F- 1 drm ns102=40, n,=1000, d3 =1 (worst case). 
For these conditions V=17V, 
The vessel volume must be 17 times larger than the required sample volume. 
100mg is more than enough sample to satisfy the requirements, there fore a vessel 
volume of 1.7cm3 would be sufficient. 
If the vessel is of internal diameter D and length 1 then. 
V=irlD2/4 
For a volume of 1.7cm 3 
1D 2 =2.165cm3 
Take a nominal internal diameter of 0.25" (0.635 cm) 
1=5.37cm 
To take account of other possible reaction compositions, for instance Si02=20 
gives 1=7.58cm, a length of 10cm should give more then enough sample. 
Appendix B 
Data from Single Crystal Study of EA-6 
The author is grateful to Dr A.J.Blake of the University of Edinburgh Chemistry 
Department for conducting this analysis and providing the following results. 
B.1 Experimental 
A colourless crystal (0.19 x 0.19 X 0.35 mm) was mounted on a Stoe Stadi-4 four 
circle diffractometer. Graphite-monochromated Mo-K a X radiation (\ = 0.71073) 
and w - 20 scans gave 1771 reflections (20 max500 , h - lOtolO, kO - 8,10 - 11), 998 
unique (It=0.008), of which 931 with F> 4o(F) were used on all calculations. 
Following solution by automatic direct methods [137], the structure was re-
fined by full-matrix least squares on F [138]. Anisotropic thermal parameters were 
allowed for all non-H atoms and H atoms were refined isotropically after their lo-
cation from a AF synthesis. At final convergence R = 0.0211, wR = 0.0350, S = 
1.328 for 120 parameters and the final AF synthesis showed no feature above 
0.34eA. The weighting scheme w 1 = u2 (F) + 0.00062F2 gave satisfactory 
agreement analyses and in the final cycle (A/0) max . was 0.07. A secondary extinc-
tion parameter refined to 1.59(11), x 10_ 6 . 
10 
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B.2 Crystal data 
C4 H14Al2N20 10P2 , M= 366.06, monoclinic, space group P21 1c, a = 8.8401(9), b = 
6.8514(5),c = 9.5123(13)A,/9 = 93.785(12)°,V = 574.9A3 [from 20 values of 41 
reflections measured at ±.'(20 = 15-20°,A = 0.71073A),T = 298K],Z = 4,D = 
2.114g cm 3 , (MoKa ) = 0.576 mm 1 7 F(000) = 376. 
The bond lengths, angles and torsion angle for EA-6, obtained from the single 
crystal X-ray diffraction study are given (tables B-1,B-2 and B-3). 
Key(for all tables)' Atoms marked with the following letters are related to 
their unmarked equivalents by the following symmetry operations. 
0(1 - x, -1/2 + y, 1/2 - z) 	b(x, 1/2 - y, -1/2 + z) 
C(2 - x, 1 - y, —z) 	
d(i - x, 1/2 + y, 1/2 - z) 
e(X, 1/2 - y, 1/2 + z) 
'The numbers in parenthesis refer to atoms in figure B-i. 
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Figure B—i: Atom labeling key 
C(3) 
0(7) 
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Table B—i: Bond Lengths (t) with Standard Deviations 
P-0(3) 1.5354(5) N(1)-H(1A) 0.81(3) 
P-0(4) 1.5106(11) N(1)-H(1B) 1.020(23) 
P-0(5) 1.5301(12) N(1)-C(2) 1.476(23) 
P-0(7) 1.5361(12) N(1)C(3c) 1.484(23) 
0(3)-Al 1.8187(13) C(2)-H(2A) 0.919(22) 
A10 (5d) 1.8206(13) C(2)-H(2B) 0.892(23) 
A1-0(6) 1.8627(16) C(2)-C(3) 1.498(23) 
Al0(6d) 1.8574(18) C(3)-H(3A) 0.931(23) 
A10(7e) 1.7753(22) C(3)-H(3B) 0.979(23) 
0(6)-H(6) 0.788(23)  
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Table B-2: Angles (degrees) with Standard Deviations 
0(3)-P-0(4) 110.24(5) H(6)0(6)Al(a) 112.6(17) 
0(3)-P-0(5) 110.18(5) 0(5)Al(a)0(3a) 150.8(7) 
0(3)-P-0(7) 107.98(5) H(1A)-N(1)-H(1B) 119.4(31) 
0(4)-P-0(5) 109.92(6) H(1A)-N(1)-C(2) 104.1(27) 
0(4)-P-0(7) 108.83(6) H(1A)N(1)C(3c) 106.1(27) 
0(5)-P-0(7) 109.65(6) H(1B)-N(1)-C(2) 110.7(18) 
P-0(3)-A1 136.71(5) H(1B)N(1)C(3c) 104.5(18) 
P0(5)Al(a) 136.14(10) C(2)N(1)C(3c) 112.0(15) 
P0(7)Al(b) 133.39(8) N(1)-C(2)-H(2A) 106.7(16) 
0(3)-Al-0(6) 88.09(6) N(1)-C(2)-H(2B) 105.0(17) 
0(3)Al0(6dI) 84.32(7) N(1)-C(2)-C(3) 109.8(13) 
0(3)Al0(7e) 105.66(9) H(2A)-C(2)-H(2B) 114.6(20) 
0(5d)Al0(6) 85.6(8) H(2A)-C(2)-C(3) 109.3(16) 
0(5d)A10(6dI) 88.9(8) H(2B)-C(2)-C(3) 111.2(17) 
0(5d)_Al_0(7e) 103.6(8) C(2)_C(3)_N(1c) 111.0(14) 
0(6)Al0(6d) 153.91(9) C(2)-C(3)-H(3A) 105.9(18) 
0(6)Al0(7e) 102.35(9) C(2)-C(3)-H(3B) 108.3(18) 
0(6d)Al0(7e) 103.74(10) N(1c)C(3)H(3A) 109.1(19) 
A1-0(6)-H(6) 102.8(17) N(1c)C(3)H(3B) 108.1(18) 
A10(6)Al(a) 142.89(9) H(3A)-C(3)-H(3B) 114.5(23) 
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Table B-3: Torsion Angles (degrees) with Standard Deviations 
0(4)-P-0(3)-A1 -82.98(8) H(6)-0(6)-A1(°)-0(5) -161.1(18) 
0(5)-P-0(3)-A1 38.53(9) H(6)0(6).Al(0)0(3a) -9.6(20) 
0(7)-P-0(3)-Al 158.25(8) H(1A)-N(1)-C(2)-H(2A) 52.0(31) 
0(3)P0(5)Ai(a) 6.18(15) H(1A)-N(1)-C(2)-H(2B) -70.0(31) 
0(4)P0(5)Al(a) 127.86(13) H(1A)-N(1)-C(2)-C(3) 170.3(26) 
0(7)-P-0(5)-Al(°) -112.54(13) H(1B)-N(1)-C(2)-H(2A) -178.4(21) 
0(3)P0(7)A1(b) -47.72(12) H(1B)-N(1)-C(2)-H(2B) 59.5(24) 
0(4)p.0(7)Al(b) -167.39(11) H(1B)-N(1)-C(2)-C(3) -60.1(21) 
0(5)p0(7)Al(b) 72.34(13) C(3c)N(1).C(2)H(2A) -62.2(21) 
P-0(3)-AI-0(5 d) -110.0(16) C(3c)N(1)C(2)H(2B) 175.8(19) 
P-0(3)-AI-0(6) -32.49(9) C(3-)-N(1)-C(2)-C(3) 56.1(18) 
P.0(3)Al0(6d) 172.51(6) H(1A).N(1)C(3c)C(2c) -169.7(26) 
P.0(3)AlO(e) 69.81(11) H(1A)N(1)C(3c)H(3Ac) 73.9(28) 
p..0(5)..M(a)0(6) -30.50(15) H(1A)N(1)C(3c)H(3Bc) -51.1(28) 
P0(5)A1(a).0(3a) -106.9(15) H(1B)N(1)C(3c)C(2c) 63.1(20) 
0(3)-A1-0(6)-H(6) -178.4(17) H(1B)N(1)C(3c)H(3Ac) -53.2(18) 
0(3)-A1-0(6)-A1(°) -16.07(16) H(1b)N(1)C(3c)H(3Bc) -178.2(13) 
0(5d)Al0(6)H(6) -27.0(19) C(2)N(1)C(3c)C(2c) -56.8(18) 
0(5d)A10(6)Al(a) 135.4(8) C(2)-N( 1)C(3c)H(3Ac) -173.1(10) 
0(6d)Al0(6)H(6) -105.5(18) C(2)N(1)C(3c)H(3Bc) 61.8(15) 
0(6d)Al0(6)Al(a) 56.9(3) N( 1)C(2)C(3)N(1c) -55.6(18) 
0(7-')-A1-0(6)-H(6) 76.0(17) N(1)-C(2)-C(3)-H(3A) -173.9(17) 
0(7e)Al0(6)M(G) -121.68(15) N(1)-C(2)-C(3)-H(3B) 62.9(21) 
0(3)Al0(6d)H(9 -9.6(20) H(2A)-C(2)-C(3)-N( ic) 61.1(20) 
0(5d)-AI-0(6 d)-H(d) -161(21) H(2A)-C(2)-C(3)-H(3A) -57.2(24) 
0(6)Al0(6d)H(d) -83.4(20) H(2A)-C(2)-C(3)-H(3B) 179.6(20) 
0(e)AI0(6d)H(d) 95.2(20) H(2B)C(2)C(3)N(1c) -171.4(18) 
Al-0(6)-Al(")-0(5) 37.61(17) H(2B)-C(2)-C(3)-H(3A) 70.3(24) 
Al-0(6) -AI('-)-0(3a) -170.9(7) 1 H(2B)-C(2)-C(3)-H(3B). -52.9(25) 
Appendix C 
MASNMR-Experimental Details 
The author is grateful to Dr B.Zibrowius of the University of Manchester Institute 
of Science and Technology for conducting this analysis and providing the following 
information. 
C.1 Experimental 
31 P and "Al spectra were measured by means of a Bruker MSL 400 spectrom-
eter at resonance frequencies of 162.0, 104.2 and 100.6 MHz, respectively. The 
experimental conditions are given (table C-i). The small ifip angle applied in 
the "Al MASNMR measurements ensures that despite large differences in the 
quadrupolar coupling, the relative line intensities of the different species observed 
are proportional to the number of nuclei [139]. 
Simulations of the "Al MASNMR lineshape of the central transition were per-
formed with the POWDER program [140]. In order to verify parameters obtained 
from the lineshape simulation, a "Al MASNMR spectrum was also recorded at 
130 MHz (MSL 500). For the observation of the 27A1 (±, ±) satellite transi-
tion, a spectral width of 1.67 MHz was chosen. The magic angle was accurately 
adjusted using the 23Na satellite transition in NaNO 3 [141]. The stability of the 
spinning speed was better than ±10 Hz. 
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Table C—i: Experimental conditions for the MASNMR measurements 
27A1 31 P 
Resonance frequency (MHz) 104.2 162.0 
Pulse duration (ps) 0.6 3.0 
Flip angle 7r/12 7r/2 
Number of Scans 2400 16 
Repetition time (s) 0.5 30.0 
MAS frequency (kHz) 14.0 14.0 
reference Al(H20) H3PO4 (85wt%) 
Table C-2: Chemical Shifts and quadrupolar coupling parameters of the two 
aluminium species detected in KFAL2c 150/4d 




1 pentacoordinated 97±2 25.9±0.3 Cq = (6.12 ± 0.03)MHz 
Al in EA-6 
= (0.33±0.01) 
2 tetrahedral Al in 3±1 46±1 e = (2.6±0.4) MHz 
EA-5  
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